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Multi-photon interference reveals strictly non-classical phenomena. Thus in quantum information, 
a significant fraction of key experimental progresses achieved so far comes from multi-photon state 
manipulation. The applications of multi-photon interferometry range from quantum information 
processing to fundamental tests of quantum mechanics. We review the progresses, both theoret- 
ical and experimental, of this rapidly advancing research. The emphasis is given to the creation 
of photonic entanglement of various forms, tests of the completeness of quantum mechanics (in 
particular, violations of local realism), quantum information protocols (e.g., quantum teleporta- 
tion, entanglement purification and quantum repeater) for quantum communication, and quantum 
computation with linear optics. 
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I. INTRODUCTION 

In his 1704 treatise Opticks Newton claimed that hght 
is composed ol particles, but also introduced waves to 
explain the diffraction phenomena. Later on in classical 
Maxwellian electrodynamics the wave approach seemed 
to be sufficient. Yet, 201 year after Newton, during his 
annus mirabilis Albert Einstein re-introduced lichtquan- 
ten (light particles) and explained the photoelectric ef- 
fect (Einstein, 1905).^ The final theory, in which pho- 
tons are elementary excitations of the quantized elec- 
tromagnetic field interacting with charges, was given by 
Dirac (1927), and its internal consistency was proved 
by Dyson, Feynman, Schwinger and Tonomaga around 
twenty years later. Photons, as all quantum particles, 
reveal both wave-like and particle-like properties — a phe- 
nomenon known as wave-particle duality. The wave na- 
ture is revealed by interference, while the particle na- 
ture in detection events. The interference involving sin- 
gle photons, except from the discrete detection events 
(which could possibly be thought as due to discrete ion- 
ization events), does not reveal any non-classical phe- 
nomena. The real quantum effects begin with two or 



^ The current term photon was introduced by Lewis (1926). 



more photon interference: a plethora of classically im- 
possible phenomena occurs-most of them completely in- 
comprehensible with any classical concepts. As always 
in the history of human scientific endeavor, harnessing of 
new phenomena leads to applications. The aim of this 
review is to describe the magic beauty of multiphoton 
manipulation, and its applications in amazing quantum 
protocols of communication, and even computation. 



A. Quantum optics 

An intensive research of the quantum properties of 
light started around half a century ago. Its advances 
allow one to gain a coherent control of quantum opti- 
cal systems, enabling true quantum engineering. As a 
result, quantum optical methods made possible to actu- 
ally perform gedanken experiments on the foundations 
of quantum theory. This control of quantum phenom- 
ena allows one to search for novel information processing 
paradigms, which now promise new technologies based 
on quantum information science. 

Soon after Einstein's introduction of light quanta, Tay- 
lor (1909) tried to find some new effects in a two-slit 
Young- type experiment using extremely faint light, so 
faint that on average only one photon at a time was in- 
side the apparatus. No deviation from the classical in- 
terference was observed. Now, with fully developed the- 
ory of quantized light we know that experiments of this 
type cannot differentiate between the classical explana- 
tion (based on the interference of electric field waves) 
and the quantum explanation (based on the interference 
of probability amplitudes for photons passing through ei- 
ther of the two slits). The inherently "quantum nature of 
the electromagnetic field", as we know now, is revealed 
directly only in multiphoton experiments, which, century 
ago, were impossible. 

Still, quantum interference of truly individual photons 
is certainly a fascinating phenomenon. The first experi- 
ment aimed at that was performed by Grangier, Roger, 
and Aspect (1986). They used photon pairs emitted in 
atomic cascades, one of the photons was used as a trig- 
ger, and the other was fed into a Mach-Zehnder interfer- 
ometer. The usual (wave-like) interference pattern was 
observed. Nevertheless, when the detectors were observ- 
ing both output ports of the entry beamsplitter of the 
interferometer, besides background no coincidence was 
observed, i.e., a photon was detected only in one of the 
outputs - a typical particle- like behavior. 

Modern quantum optics was effectively born in 1956 
after the famous Hanbury-Brown and Twiss (1956) ex- 
periment on intensity interferometry. It was the first se- 
rious attempt to study the correlations between intensi- 
ties recorded at two separated detectors. It motivated 
more sophisticated photon-counting and correlation ex- 
periments. The quantum theory of optical coherence of 
Glauber (1963) gave theoretical clues to search for un- 
ambiguously quantum optical phenomena. Carmichael 
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and Walls (1976) predicted photon antibunching in a 
resonance-fluorescence, which was observed experimen- 
tally by Kimble, Dagenais and Mandel (1977, 1978). The 
early experiments used atomic beams as sources. Thus, 
atomic number (and thus the emission statistics) fluctu- 
ations wore unavoidable. Later, Diedrich and Walther 
(1987) realized such experiments using single atoms in 
traps and observed photon antibunching as well as sub- 
Poissonian statistics in the system. Squeezed states were 
experimentally generated by using four-wave mixing in 
atomic sodium (Slusher et al., 1985) and in optical fibers 
(Shelby et al, 1986), or by using an optical parametric os- 
cillator (Wu et at, 1986). We shall not discuss the above 
mentioned aspects of quantum optics, as an interested 
reader can find excellent presentations in, e.g.. Walls 
and Milburn (1994), Mandel and Wolf (1995), Scully and 
Zubairy (1997), and Lounis and Orrit (2005). 

The study on photon statistics and photon counting 
techniques enables a direct examination of some of the 
fundamental distinctions between the quantum and clas- 
sical concepts of light. Parallel developments in neutron, 
atomic, and molecular interferometry, as well as mod- 
ern methods of cooling and trapping ions, etc., allowed 
one to probe ever deeper the properties of individual 
quantum systems and to realize many of the gedanken 
(thought) experiments of fundamental interest in quan- 
tum physics. Central to these fundamental questions is 
the phenomenon of quantum entanglement. 



B. The essence of quantum world: entanglement 

Einstein, Podolsky and Rosen (EPR, 1935) suggested 
that quantum mechanics might be incomplete. The trio, 
EPR, tried to argue that the outcome of a measurement 
on a physical system is determined prior to and inde- 
pendent of the measurement (realism) and that the out- 
come cannot depend on any actions in space-like sepa- 
rated regions (Einstein's locality). This EPR criterion of 
"local realism" looks quite reasonable to us, particularly 
as all our classical world and experience fully adhere to 
it. Moreover, they suggested that perfect quantum cor- 
relations, which occur for two particles in a maximally 
entangled state^, can be used to define a missing element 
in quantum theory, namely, "elements of reality" . 

The EPR paradox seemed to be interesting [see es- 
pecially, (Feynman et al, 1963)], but untestable for al- 
most 30 years. Suddenly, Bell (1964) derived his inequal- 
ities which revealed that the two-particle correlations for 
the two spin-i singlet disagree with any local realistic 
model. The pioneering "Bell experiment", with polar- 



^ The term entanglement was introduced by Schrodingcr (1935). 
He regarded entanglement as the essential feature of quantum 
mcciianics. Bolim's version of the EPR thought experiment 
(Bohm, 1951) used the singlet state of two spin-^ particles, which 
is nowadays an icon and a yardstick of entanglement. 



ization entangled photons, was due to Freedman and 
Clauser (1972). It was refined in the famous experiments 
by Aspect et al. (1981, 1982a, 1982b) and followed by 
many others.*^ The early experiments used polarization 
entangled photon pairs from atomic cascades (Clauser 
and Shimony, 1978). In late 1980's this technique was 
overshadowed by parametric down conversion, and will 
not be discussed here.* 

A quarter of century after Bell's paper it turned out 
that the conflict of local realism with quantum mechan- 
ics^ is even more striking for certain three or more parti- 
cle entangled states. The Greenberger-Hornc-Zcilingcr 
(GHZ) theorem (Greenberger, Horne, and Zeilinger, 
1989; Greenberger et al., 1990; Mermin, 1990a) showed 
that the concept of EPR's elements of reality is self- 
contradictory.^ That is, there are situations for which 
local realism and quantum mechanics make completely 
opposite predictions, even for definite measurement re- 
sults.'^ The GHZ papers showed that three or more par- 
ticle interferometry is a rich untested area, full of exciting 
paradoxical phenomena. However, at that time no effec- 
tive sources of three or four photon entanglements were 
present. Thus, a new chapter in experimental multi- 
photon quantum optics had to wait for new ideas and 
experimental techniques.^ 



C. Sources of photonic entanglement 

The standard source of entangled photon pairs is nowa- 
days the nonlinear optical process of spontaneous para- 
metric down-conversion (SPDC; see Burnham and Wein- 
berg, 1970), the inverse of frequency up-conversion. In 
SPDC photons from a pump laser beam, within a non- 
linear crystal, can spontaneously be converted into pairs 
that are momentum and frequency entangled, and in the 
so-called type-II process can be also polarization entan- 
gled (Kwiat et al., 1995). Today, SPDC sources of entan- 
gled photon pairs with increasing quality and brightness 
can be routinely realized. New techniques, like entan- 
glement due to two-photon emission from quantum dots 



3 See Aspect (1999) and Tittel and Wiehs (2001) for a recent sur- 
vey. 

^ For a review of early experiments see (Clauser and Shimony, 
1978). 

^ Often, somehow misleadingly, such a conflict was described as 

"quantum nonlocality" . 
® Two-party versions of the GHZ contradiction were recently 

shown to exist (Cabello, 2001a, 2001b; Chen et al, 2003). 
^ We have "all-versus-nothing" proof (Mermin, 1990a) of Bell's 

theorem. 

* The GHZ-type paradox was finally experimentally demonstrated 
with three-photon entanglement (Pan et al, 2000). Next were 

experiments with four-photon GHZ paradox (Zhao et al, 2003a) 
and two-photon hyper-entanglement GHZ-type paradox (Yang 
et al, 2005, and in a slightly oversimplified version by Cinelli et 
al, 2005). 
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(Stevenson et al., 2006; Young et al, 2006; Akopian et 
al, 2006), also emerge. 

However, since the GHZ paper, and even more after 
the bnth of quantum information, three or more photon 
entanglement was in demand. It turned out that using 
the primary two-photon entanglement, by a procedure 
which is called entanglement swapping (Zukowski et al, 
1993), one can entangle without any direct interaction 
particles which were independent of each other, or what is 
more important for us, construct entanglement of higher 
order. Since photons basically do not interact with each 
other this method has a special importance in creating 
multi-photon entanglements. Practical versions of this 
technique (Zukowski et al, 1995; Rarity, 1995; Zeilinger 
et al, 1997) are behind all three or more entangled photon 
interference experiments. 



D. Applications in quantum information 

Quantum information processing was born once it 
was realized that the non-classical aspects of quantum 
mechanics give us a new set of phenomena, thus new 
practical applications are possible, especially in informa- 
tion transfer and processing.^ In quantum cryptography 
[Wiesner, 1983; Bennett and Brassard, 1984; Ekert, 1991; 
for a review see (Gisin et al, 2002)] the complementarity 
of different measurements on a quantum system is used 
to establish a secret key shared by two partners, thus en- 
abling for the first time a provably secure communication. 
In quantum teleportation (Bennett et al, 1993) it is pos- 
sible to faithfully transfer an unknown qubit state from 
one system to another by employing entangled states as a 
quantum channel and transfer of only two bits of classical 
information.^" 

Photons being the fastest information carriers have 
only very weak coupling to the environment, and are thus 
best suited for quantum communication tasks. Currently, 
quantum key distribution was realized for distances 144 
km (Ursin et al, 2007; Schmitt-Manderbach et al, 2007) 
over a free space, and over more than 100 km in fiber 
(Rosenberg et at., 2007; Peng et al, 2007). Via optical 
fibers one could distribute photonic entangled states over 
more than 50 km (Marcikic et al, 2004). Distribution of 
entanglement in the atmosphere over Vienna reached 7.8 
km (Resch et al, 2005) and even 13 km over Hefei (Peng 



et al, 2005)." 

For quantum computation, implementations with lo- 
calized systems like atoms, ions or solid-state devices 
seem to be preferable. Yet, surprisingly, even for quan- 
tum computation algorithms, photons offer interesting 
possibilities, despite the difficulty in storing them. Af- 
ter the discovery that some gates could be realized 
through teleportation (Gottesman and Chuang, 1999), 
an important breakthrough was the suggestion by Knill, 
Laflamme, and Milburn (2001) that even with linear op- 
tical elements, in principle, universal quantum computa- 
tion could be realized. Following these suggestions, var- 
ious quantum computation primitives have been demon- 
strated with photons alone (see section |VIII.B[) . A new 
and probably more practical approach is the concept of a 
"one-way quantum computer" (Raussendorf and Briegel, 
2001; Nielsen, 2004; for its linear optical implementation, 
see section IVIII.C.21) . The idea is to start with the so- 
called "cluster states" (Briegel and Raussendorf, 2001). 
The computation algorithm is then performed by apply- 
ing a sequence of one-qubit measurements. The cluster 
states, involving several entangled photons, have recently 
been realized (Zhang et al, 2006a; Walther et al, 2005b; 
Kiesel et al, 2005; Schmid et al, 2007; Lu et al, 2007), 
and applied to demonstrate elementary quantum gates 
and algorithms (Walther et al, 2005b). 

World-wide laboratories are developing many different 
physical implementations both of quantum communica- 
tion devices and of quantum gates. It will be interesting 
to see which technologies win. 



E. Our aims 

In this review, we want to highlight the exciting pro- 
gresses, both theoretical and experimental, in multipho- 
ton interferometry, with applications ranging from pho- 
tonic quantum information processing to fundamental 
test of quantum mechanics. An emphasis will be given to 
the creation of photonic entanglements of various forms, 
and several important quantum information protocols 
with photons. Besides manipulation of photons with 
linear-optical elements, photons can also be manipulated 
by interaction with matter. 

We shall try to make our review almost self-contained, 
by providing the basic tools for understanding these top- 
ics which are to be discussed in detail. Thus, e.g., we 
start with the general theory of photons and linear op- 



® To put it shortly, classical information can be encoded in bits 
(two fully distinguishable states), whereas quantum one is en- 
coded in qubits (quantum superpositions of two fully distinguish- 
able states). While classical information can be repeatedly and 
precisely copied, an unknown quantum state cannot be perfectly 
cloned-a statement known as the no-cloning theorem (Dieks, 
1982; Wootters and Zurek, 1982). This is one of the most crucial 
differences between classical information and quantum one. 

" Note that to describe mathematically a quantum state one needs 
infinitely many bits. 



^ Both distances surpass the effective thickness of the atmosphere. 
The experiments imply that quantum communication via satel- 
lites could cover global distances. 

^ Cluster states [or, more generally, graph states (Hein et at, 2004, 
2006)] also play a significant role in other protocols of quantum 
information, like quantum error correction (Shor, 1995; Steane, 
1996; Calderbank and Shor, 1996; Bennett et al, 1996c; Gottes- 
man, 1997). 
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tics, next followed by basic tools and recipes for creating 
multiplioton entanglement. With these tools we then dis- 
cuss fundamental tests of the completeness of quantum 
mechanics. This moves us to applications in quantum 
information. 



F. Related reviews 

There exist already many reviews or textbooks that 
cover topics strongly linked the current review, but not 
covered here. Here, we give a partial list. For an in- 
troduction to quantum information and quantum com- 
putation, textbooks by Nielson and Chuang (2000), by 
Bouwmeester et al. (2001) and by Preskill (1998) are 
widely used; for a short survey, see Bennett and DiVin- 
cenzo (2000). The linear optical quantum computing can 
be found in a recent review (Kok et al, 2007), which is a 
nice supplement to the optical quantum computing part 
of this review. Quantum cryptography has been reviewed 
by Gisin et al. (2002) and thus will be mentioned here 
only for some basic concepts or specific purposes. Braun- 
stein and van Loock (2005) review various aspects of 
quantum information with "continuous variables" (quan- 
tum variables like position and momentum). Zeilinger et 
al. (2005) gave a very concise survey on some photonic 
effects. For a detailed discussion on quantum entangle- 
ment, we refer to Albcr et al. (2001) and Horodecki et 
al. (2007). Reviews on recent status of Bell's theorem 
can be found in Laloe (2001), Werner and Wolf (2001), 
and Gcnovese (2005). The earlier stages of the research 
in photonic entanglement can be studied in Clauser and 
Shimony (1978) and Mandel and Wolf (1995). 

II. INTERFERENCE: CLASSICAL VS. QUANTUM 

Classical interference is a macroscopic expression of 
the quantum one. The interference phenomena in the 
quantum realm are richer and more pronounced. We dis- 
cuss here the basic differences between the classical in- 
terference understood as interference of waves in space, 
and quantum one which is interference of various, oper- 
ationally indistinguishable processes. 

A. Classical interference 

In classical physics interference results from the super- 
position of waves. It may express itself in the form of 
intensity variations or intensity correlations. 

1. Interference expressed by intensity variations 

Consider two quasi-monochromatic plane waves lin- 
early polarized in the same direction, described by 

Ej{r, t) = Eje'^^r^-^t-4,,(t)] ^ 



where Ej is the real amplitude of one of the fields, kj 
the wave vector, uj the frequency of both waves, j = 1,2 
the index numbering the fields, and finally c.c. denotes 
the complex conjugate of the previous expression. The 
intensity of the superposed fields at a certain point in 
space is given by 

/(r, t)=Ef + E^ + 2E1E2 cos [Aiak • r - Ai2<A(t)], (2) 

where A12 is the difference of the respective parameters 
for the two fields, e.g., Ai24>{t) = cj^iit) — 4>2it). For 
Ai2</'(f) constant in time, or of values varying but always 
much less than tt, this formula (after averaging over time) 
describes a Young-type interference pattern. In the op- 
posite case, of widely fluctuating Ai24>{t) no interference 
can be observed, because the pattern washes out. In the 
case of El = E2 one has maximal possible interference. 
This can be expressed in terms of the interferometric 

contrast, or visibility, V = {Imax - Imin)/{Imax + Imin), 

which in the aforementioned case is 1. 



2. Interference in intensity correlations 

Hanbury-Brown-Twiss experiment introduced to op- 
tics the intensity correlation measurements. Such corre- 
lations at two points in space and two moments of time, 
for two classical fields are described by the intensity cor- 
relation function 

G(2)(ri,ii;r2,i2) = (/(ri, ti)/(r2, t2))a. • (3) 

The average is taken over an ensemble, and for station- 
ary fields this is equivalent to the temporal average. Even 
when no intensity variations are observable (i.e., for av- 
eraged intensity constant in space), the intensity corre- 
lations can reveal interference effects. Assume that the 
phases of the two fields fiuctuate independently of one 
another. Then for ti = t2, the G^^^ function still ex- 
hibits a spatial modulation or maximal visibility of 50% 
exhibited by the formula: 

G(2)(ri,t;r2,i) = (/i+/2)' 

+ 2Ji/2COs[(Ai2k)(ri-r2)] , (4) 

where li = Ef, i = 1,2. This formula can be easily 
reached by noting that the temporal average of 

cos[a + Ai2(j){t)] cos[a' -|- Ai20(t)], (5) 

where A(j){t) = (/)i(f) — (l>2{t), is given by 

cos a cos a'(cos^ Ai2(l){t))av + 
sinasin a'(sin^ Ai2(l){t))av — 

^sm{a + a'){sm2Ai2(t>{t))av, (6) 

and due to the random nature of Ai2<f>{t) only the first 

two terms survive because both (cos^ Ai2(j){t))av and 
{siia^ Ai2(j){t)}av give 5, whereas (sin2Ai20(t))at, =0. 
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In addition to the phase fluctuations one can take into 
account also amplitude fluctuations. Nevertheless, the 
basic features of the earlier formula must be retained, as 
the amplitude fluctuations tend to lower even further the 
visibility of the intensity correlations patterns. Thus, the 
visibility of intensity correlations is never full, maximally 
50%. As we shall see there is no bound on visibility in the 
quantum case. For a broader treatment of these matters 
see Paul (1986). 

B. Quantum interference 

Quantum interference rests on the concept of superpo- 
sition of probability amplitudes. 



In our case {A\Bj) = ^ are the amplitudes to reach the 
slits, {C\Bj) = Ab^, and iV = 2. 

The difference between pU)) and pT|) is in the assump- 
tion [inherent in (fTU)) ] that the particle had to be in one of 
the intermediate situations (states) Bi. In the quantum 
case any attempt to verify which of the situations actu- 
ally took place by measurement^^ puts one back to the 
classical formula . The formula pT|) leads to interfer- 
ence phenomena, and may be thought as a manifestation 
of a wave nature of particles, whereas, if we make mea- 
surements at Bi, we learn by which way {welcher weg) 
the particles travel, and the particle nature pops up. We 
have a wave-particle duality, which seems to describe all 
that. 



1. Single-particle quantum interference 

The single-particle interference looks almost identical 
to the classical one. We replace the fields (waves) by am- 
plitudes, A(x, t), which differ only by the fact that they 
are suitably normalized. Suppose that the amplitude to 
detect a photon at x, is given by 

Abi(x,i) = e'-[ki-(x-bi)+*..bi(t)]^ (7) 
if it originates from point bi, and by 

Ab,(x,t) = e*[k'r(x-b2)+*..b,(t)]^ (8) 

it originates from b2. The quantum mechanical prob- 
ability density that a particle is detected at x is given 
by 

P(xi,i) - |Abi(x,i)+Ab,(x,i)|' 

- 1 + C0s[Aki • X + $0 + ^x.bi (t) - $x.b2 (t)] , 

(9) 

where Aki = k'j^ — ki, and $0 is an irrelevant constant 
phase. Thus if the phase difference, $x,bi(i) — <i'x,b2(i)i is 
stable, one can have the Young-type interference patterns 
of up to 100% visibility. Such a stable phase difference 
can be secured in, e.g., double-slit experiment. Classi- 
cal intensity is simply the probability density times the 
initial intensity Iq of the stream of particles. 

As we see this description differs a lot from the clas- 
sical particle picture, in which one would expect that a 
process originating with state A and with possible inter- 
mediate stages Bi, . . . Bn, leading to an event C, would 
be described by 

N 

P(C|A)=^F(C|i3,)P(i3,|A) (10) 
In the quantum case P{C\A) — \{C\A)\^, but one has 

N 

{C\A)=Y.(^\B,}{B,\A) (11) 



2. Two-particle quantum interference 

All this becomes much more puzzling once we consider 
a two-particle experiment. Already, Einstein, Podolsky 
and Rosen (1935) pointed out some strange features of 
such a case. Schrodinger noticed that these features are 
associated with what he called "entangled states" , which 
will be discussed in detail later. At the moment consider 
these as superpositions of fully distinguishable products 
of single-particle states, by which we mean that there is a 
specific pair of local measurements for which the two sub- 
systems are perfectly correlated (a result of measurement 
on one immediately reveals the unique value of the other 
observable for the second subsystem, which is correlated 
with the result). 

Consider such a correlation: assume that if particle 1 
is at bi, then particle 2 is also at bi, and, whenever 1 
is at 62 then particle 2 is at 62- Later on the particles 
are detected at two different point, Xi and X2. Then, 
according to the rules given above 

P(xi,X2,t) - |Ab,(xi,i)A6,(x2,t) + Ab,(xi,i)Ab,(x2,t)P 

- 1 + cos(Aki • xi -I- Ak2 • X2 + A$b,,bJ, 

(12) 

with 

A$b,,b, = A$xi,6(t) + A$x.,b(t) + $'0, 

where the amplitudes for the second particle are given by 
formulas (O and (O, with X2 replacing Xi and k2 replac- 
ing ki, and A$x.,6(0 = 4'x.,bi - ^x^.bsW, with i ^ 1,2. 
Thus if the phase relation between the two amplitudes is 
stable one can have absolutely noiseless interference with 



Or by securing the possibility of a postponed measurement 
(which could be made by correlating our particle, while it is 
at the intermediate stage Bi, with another system, which could 
be measured later). 
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100% visibility, while there is no single particle interfer- 
ence: 

P{xi,t) — J dx2P{xi,X2,t) — const. 

As we shall see, the unbounded visibility is not the only 
feature by which such interference differs from classical 
one. For more details see, e.g., Bialynicki-Birula and 
Bialynicka-Birula (1975). 



C. Other interference phenomena 

There is a plethora of other strictly quantum interfer- 
ence phenomena, associated with photons which are in 
specific quantum states. These phenomena are of an en- 
tirely non-classical character. In the next chapters we 
shall present many such interference effects (particularly, 
see section lIV.Cp . However, as the non-classicality is 
linked with entanglement, we have to present first some 
basic properties of this phenomenon, and later on we shall 
present experimental techniques to get entanglements in 
various forms. 



III. PHOTONIC QUBITS AND LINEAR OPTICS 

The possibility of applying coherent control of quan- 
tum optical systems to perform quantum information- 
processing tasks is based on the fact that quantum in- 
formation can be encoded in quantum states of certain 
degrees of freedom (e.g., polarizations or spatial modes) 
of individual photons, and these individual photons can 
be manipulated by simple optical elements (e.g., various 
linear-optical elements and interferometers), or by letting 
them interact with matter (trapped ions, atoms and so 
on) at a photon-matter interface. Here we shall show 
to what extent a photon can represent a qubit, and the 
simplest elements that are used to manipulate it. To this 
end, let us first begin with a formal definition of photons 
and their states, i.e., the Fock states. 



A. Photon-number states 

The formal theory of quantization of electromagnetic 
field was formulated by Dirac (1927). Here we only give 
its basic mathematical devices for completeness; for de- 
tailed treatment, we refer to standard textbooks on quan- 
tum optics, e.g.. Walls and Milburn (1994), Mandel and 
Wolf (1995), Scully and Zubairy (1997). 

A single-photon pure state can be characterized by 
a specific wave packet profile gws^, i.e., by the quan- 
tum amplitudes for a given momentum k and polar- 
ization A. According to the Born rule IgAkP gives the 
probability density of measuring the single photon with 
the momentum Kk and polarization A. Thus, one has 



Sa=i 2 / '^kj^AkP = 1- The wave packet profiles are vec- 
tors in a Hilbert space with a scalar product given by 

(5|/»> = E / d^9l^.hxk. (13) 

One can introduce an arbitrary orthonormal basis (Ak) , 
where I are natural numbers and = Snm- Two 

different orthonormal bases, to be denoted respectively 
as primed, and unprimed, are related by a unitary op- 
eration: g'™ = J^'iZi Umig^ ■ The complex numbers Uim 
satisfy ^^"^=1 UmiU*ki = J2'ili U*imUik = Smk- One can 
choose a specific basis of the wave packet profiles of the 
single photon, say gi , and with each element of such a ba- 
sis one associates a quantum oscillator-like construction 
to introduce number states, namely, the Fock states. One 
introduces the vacuum state |f2), the state with no pho- 
tons at all. Next for a chosen basis wave packet profiles 
gi one associates a pair of operators satisfying the usual 
relations for creation and annihilation operators, namely, 
[a/,a|] = 1 and requires that ai\Vt) = 0. Using the stan- 

dard oscillator algebra one constructs the state 
which is the state of the electromagnetic field in which 
one has n; identical photons of the same wave packet 
profile g', and no other photons elsewhere. This is de- 
noted by |0, 0, 71/, 0, 0, ...). Finally, one assumes that 
[a„,a,„] — and [d„,aj^] = (5„m, that is, creation and 
annihilation operators of photons with orthogonal wave 
packet profiles always commute. A general (normalized) 
basis state of the Fock space is therefore of the following 
form: 

oo ^]ni 

K,n2,n3,...)=nTi'">- 

1=1 V 

All vectors of the Fock space are linear combinations of 
the above basis states, which have a finite norm. It is 
easy to see that if one defines the creation operators with 
respect to an alternative basis of wave packet profiles 
(here the primed ones) one has: 

C30 

n=l 

The vacuum state is invariant with respect to such trans- 
formation, i.e., one still has a!m\^) = 0- 

B. Photonic qubits 

A quantum bit, or qubit, is the most elementary car- 
rier of quantum information. It is a generalization of 
the classical bit, which is used to encode classical infor- 
mation. A classical bit has two distinguishable states 
"0" and "1". The same holds for a qubit. But since it 
is a carrier of quantum information with its two distin- 
guishable (orthogonal) states |0) and |1) (which form the 
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so-called computational basis), it can also be prepared, 
in contradistinction to its classical counterpart, in any 
superposition of these two states: 

\-^quMt) = ao\0)+ai\l). (16) 

Thus, a qubit can do everything that is expected from a 
bit, but additionally has powers which bits do not have. 

Any two- level quantum system can represent a qubit. 
Thus, an archetypal qubit is spin-1/2. But experiments 
with spin-1/2 systems are difficult. Fortunately, photons 
possess a ready and easily controllable qubit degree of 
freedom: polarization. As we shall see, there are also 
other methods to make photons carry qubits. 

Polarization qubits. -The most commonly used pho- 
tonic qubits are realized using polarization. In this case 
arbitrary qubit states can be ao\H) + ai\V) , where H 
and V stand for horizontal and vertical polarizations, re- 
spectively. The advantage of using polarization qubits 
stems from the fact that they can easily be created and 
manipulated with high precision (at 99% level) by simple 
linear-optical elements such as polarizing beam splitters 
(PBS), polarizers and waveplates. 

Spatial qubits. -A single photon can also appear in two 
different spatial modes or paths, a and b: the general 
state reads aoja) +ai\b). This may occur, e.g., if a single 
photon exits a beamsplitter (BS), with two output modes 
a and b. Any state of spatial qubits can be prepared 
by using suitable phase shifters and beamsplitters. A 
disadvantage of using spatial qubits is that the coherence 
between \a) and |6) is sensitive to the relative phase for 
the paths a and b between BS, and this is difficult to 
controll in long-distance cases. 

Time-bin qubits. -For a more robust long-distance 
transmission of quantum information, one can use time- 
bin qubits. The computational basis consists of two 
states which are of the same spectral shape, but time 
shifted by much more than the coherence time: \early) 
and \late). Any state of time-bin qubits^^ can be realized 
as following. Suppose that a single-photon pulse is sent 
through an unbalanced Mach-Zehnder interferometer. Its 
wavepacket is split by the first BS, with transmission co- 
efficient T = |aoP and reflection coefficient R = |aip 
into two pulses. The transmitted one propagates along 



Qubits can only be implemented approximately, though the ap- 
proximation could be rather good. For a single photon, its states 
can be characterized by its frequency spectrum, time of arrival, 
transverse momentum, and so on. All of these variables have 
to be controlled precisely to ensure that the photon represents 
within a good approximation a qubit with only two distinct quan- 
tum states. 

It was usually thought that arbitrary single-qubit operations are 
very difficult to implement for time- bin qubits (Kok et al, 2007). 
However, using the "time-path transmitter" introduced by Chen 
et al. (2006d), one could map a time-bin qubit state into a 
path qubit state which can be subject to arbitrary single-qubit 
operations. A reverse time-path transmitter will map the rotated 
path state back to the time-bin state. 



the short arm, and the reflected one along the long arm. 
If the pulse duration is shorter than the arm length differ- 
ence, the output from of the output ports of the second, 
50:50, exit BS is two wavepackets well separated in time. 
If no photon is registered in say output port I, in the 
other output one has a single photon in a coherent su- 
perposition of two time-bin states ao\early) -t- ai\late). 
The phase relation can be controlled with a phase shifter 
in one of the arms of the interferometer. For more details, 
see the comprehensive review by Gisin et al. (2002). 

While in this review we are mainly concerned with 
the above three implementations of photonic qubits, one 
should keep in mind that other implementations are pos- 
sible. In a recent experiment, Madsen et al. (2006) re- 
alized a photonic frequency qubit represented by two re- 
solved frequencies. Meanwhile, quantum d-level (high- 
dimensional) systems ("qudit") can also be realized us- 
ing, e.g., orbital angular momentum states of photons 
(Mair et al, 2001), or using simultaneously two or more 
degrees of freedom listed above. For instance, for the 
latter case a polarized single photon in a coherent su- 
perposition of two spatial modes is a ideal realization 
of quantum system in a four-dimensional Hilbert space 
(Chen et al, 2003). 

Bell states of polarization qubits. -Two qubits can 
form entangled states. Particularly interesting are the 
so-called Bell sates, which form a basis in the four- 
dimensional two-qubit state space, which has the prop- 
erty that all its members are maximally entangled. The 
Bell sates of photonic polarization qubits can be, for ex- 
ample: 

l^^>12 - 7l(l^>ll^)2 ± l^>ll^>2) , 

I<^^>12 = 72(l^>il^>2 ± l^>i|l^>2) ■ ^ ' 

C. Simple linear-optical elements 

In the photonic domain, quantum states of photons 
can be easily manipulated by simple passive linear-optical 
devices [see Leonhardt (2003) for a survey] with a high 
precision, at about 99% level. These linear-optical ele- 
ments include beamsplitter (BS), polarizing beamsplitter 
(PBS), half- and quarter- wave plates and phase shifters. 
Classically, such devices conserve energy: Total input en- 
ergy equals the total output energy, and there is no en- 
ergy transfer between different frequencies. A passive 
linear optical device is described by a unitary transfor- 
mation of annihilation operators for the same frequency: 

KT^^UrnnCLn, (18) 
m 

where [/ is a unitary matrix, and the indices denote a 
basis of orthogonal modes with the same frequency. 

The BS is one of the most important optical elements. 
In has two spatial input modes a and 6 and two output 
modes c and d (Fig. [T|) . The theory of the lossless BS was 
developed by Zeilinger (1981), and Fearn and Loudon 



9 




(a) 



(b) 



FIG. 1 The function of a BS. (a) The BS coherently trans- 
forms two input spatial modes (a, b) into two output spatial 
modes (c, d). (b) Two particles incident onto the BS, one 
from each side. Four possibilities exist how the two particles 
can leave the BS. 



(1987). For lossy BS, see Barnett et al. (1989). In a sim- 
plified theory of a BS, one assumes identical action for 
every relevant frequency. Quantum mechanically, the ac- 
tion of the BS on the incident modes of a given frequency 
can be written as 



U 



(19) 



where [/ is a unitary 2x2 matrix. Thus one can always 
construct a BS which is capable of performing a specific 
U{2) transformation of the annihilation operators for the 
modes. 

The most commonly used BS is the symmetric 50:50 
BS characterized by the following transformation 



1 i , 

V2 V2 

> —;=C H 1=0,. 

V2 V2 



(20) 



Here an outgoing particle can be found with equal prob- 
ability (50%) in either of the output modes c and d, no 
matter through which single input beam it came. The 
factor i in Eq. (|20p is a consequence of unitarity. It de- 
scribes a phase jump upon reflection (Zeilinger, 1981). A 
standard BS is polarization independent. 

Using two 50:50 BS and phase shifters one can build a 
universal BS, which is called Mach-Zehnder interferome- 
ter. This device performs the following unitary transfor- 
mation: 



Umz — U^UbsUoUbsU^, 



1 

e'« 



(21) 



It is elementary to show that it is capable of perform- 
ing any two-dimensional U{2) unitary transformation. A 
U{2) matrix can always be decomposed in the following 
way 



U{2) 



ia/2 Q 







-ia/2 







-i/3/2 



(22) 



(a) 




PBS 



(b) ^ Hy 



(c) aV ^ V<- 




4-- 



4 



FIG. 2 The function of a PBS. (a) The PBS transmits hori- 
zontal, and reflects vertical, polarization, (b) If the two pho- 
tons incident onto the PBS have identical polarization, then 
they will always go out along different directions, so there will 
be one photon in each of the two output modes, (c) On the 
other hand, if the two incident photons have opposite polar- 
ization, then they will always go out along the same direction, 
so there will be two photons in one of the two outputs and 
none in the other. In essence, a PBS can thus be used as a 
polarization comparer (Pan and Zeilinger, 1998; Pan et al, 
2001b). 



The two input modes gain a relative phase /?, and further 
on are optically mixed with the reflection and transmis- 
sion coefficients R = sin^ | and T = cos^ |, respectively, 
finally the output modes acquire the relative phase a 
and the overall phase 7/2. All that can be done using a 
Mach-Zehnder interferometer. 

Another important component is the polarizing beam- 
splitter (see Fig. [2|). The standard PBS transmits the 
horizontal and reflects the vertical polarization. The 
transformations between the incoming modes (a and b) 
and the outgoing modes (c and d) is as follows 



an 



ch and ay — > ; bu ^ dn and by — > cy (23) 



by replacing the BS in Fig. [T] with the PBS. 

For polarization qubits, any single-qubit operation can 
be accomplished by using a sequence of suitably oriented 
quarter- and half-wave plates. Simply, a half-wave plate 
retarding the 45° polarization acts on the H and V modes 
exactly as a certain 50:50 BS, etc. Now, the input modes 
are two orthogonal polarizations instead of two orthogo- 
nal spatial input modes of a Mach-Zchnder interferome- 
ter. The rotation matrix is identical with ^F^. Thus one 
can implement any single-qubit operation on polarization 
qubits. 

Lastly, in certain interferometric setups, one often 
needs to add phase shift along a path. Physically, this is 
realized by using a slab of transparent material with an 
index of refraction that is different from the one for free 
space. The phase shift is determined by the thickness 
of the material and the index of refraction, or alterna- 
tively, by changing the path length differences between 
interferometric arms. 

With these simple optical elements, large optical net- 
works can be constructed, mapping an input state onto 
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an output state via a linear transformation determined 
by the networks. As a possible generalization of the usual 
interferometers with two ports, an A^-port interferometer 
was proposed by Reck et al. (1994), which can realize 
any U{N) transformation for N optical spatial modes 
by using an arrangement of BS, phase shifters and mir- 
rors. Weihs et al. (1996) realized an all-fiber three-path 
Mach-Zehnder interferometer, which is based on the idea 
of symmetric unbiased multiport beamsplitters (Zeilinger 
et al, 1993). However, this device is not capable to pro- 
duce an arbitrary U (N) transformation. 

However, for certain applications (e.g., realizing two- 
photon quantum gates) nonlinearity, i.e., photon-photon 
interaction, is explicitly required. This kind of nonlin- 
earity can be accomplished either by medium-induced 
photon-photon interactions (such as the nonlinearity in 
a Kerr medium, known as the Kerr nonlinearity) or by 
measurement-induced effective optical nonlinearity. The 
currently available Kerr nonlinearity is too tiny to be 
useful for the specified purpose. The effective nonlinear- 
ity induced by standard projective measurements (detec- 
tion events) is now recognized as a feasible way of imple- 
menting, e.g., probabilistic two-qubit gates with photons 
(Knill, Laflamme, and Milburn, 2001; Kok et al, 2007). 

D. Quantum interference due to indistiguishability of 
particles: the Hong-Ou-iVlandei dip 

Quantum interference may occur also entirely due to 
indistinguishability of particles. We shall present this 
for photons, i.e., bosons. One can obtain all effects due 
to the indistinguishability by suitable symmetrization of 
the amplitudes for elementary processes, in which we do 
not know which particle ended up in a given final state 
(for bosons amplitudes do not change sign when particles 
are interchanged). However it is much more convenient 
to use the formalism of bosonic creation and annihila- 
tion operators (see subsection IIII.AI) , as its algebra di- 
rectly takes into account the symmetrization. Here we 
shall present the most elementary optical effect due to 
the indistiguishability of photons, the Hong-Ou-Mandel 
interference behind a beamsplitter. 

As we have seen previously, upon reflection off a sym- 
metric 50:50 beamsplitter (with input modes ai and 02 
and output modes 61 and 62) a photon picks a phase shift 
i. Thus, if we have two spectrally identical photons each 
hitting at the same moment an opposite input port of the 
beamsplitter, the initial state a|a2l^): where 1,2 denote 
the input ports, is transformed into 

Since = —1, this results in the cancellation of the 
two terms, which describe the cases in which each pho- 
ton exits by a different exit port (the exit port reach- 
able via transmission from the given input port shares 
the index with it). This cancellation occurs due to the 



assumed perfect indistinguishability of the two photons 
(dia2 = 0201). The final state reads i^[(dj)^ -I- (dj)^]!!^), 
namely, the two photons will exit the BS at the same 
output port — the so-called photon's bunching effect due 
to the bosonic character of photons, and there are no 
coincidences between the output ports. 

The fourth-order interference of two photons described 
above constitutes the basis of the Hong-Ou-Mandel dip 
in coincidence recording between two single-photon de- 
tectors in modes 61 and 62 as function of the flight time 
difference of the incident photons; no coincidence can be 
observed for zero flight time difference for the usual sym- 
metric spatial state of the two photons. "'^^ 

If the photons are not indistinguishable (in this case 
we shall describe them by annihilation operators a and 
b) the initial state djSjiri) is transformed into 

±(al+zal)^{bi + fbl)\n). 

Since a ^ b there is no cancellation of the terms. The 
following terms contribute to the the cases in which each 
photon exits by a different exit port: 5(d|6| — d2S|)|ri). 
The probability of such an event is given by the square of 
the norm of this component of the state. In general b — 
a*a+i3*c, with |ap-|-|/3p = 1, and c being an annihilation 
operator of a photon that is totally distinguishable from 
the photon d. Simply, a is the overlap amplitude of the 
two wave packet profiles. Thus, we get 

i(d|(ad| + /3c^) - al{aa\ + I3c\))\n) 

The norm of this vector is i2|/3p. Thus, if |/3| 1 imply- 
ing that the photons d and b are absolutely distinguish- 
able, this probability reads 1/2; if /3 = implying that 
the photons are indistinguishable, it vanishes. Therefore, 
the Hong-Ou-Mandel effect depends entirely on the dis- 
tinguishability of photons. 

IV. ENTANGLEMENT AND COMPLETENESS OF 
QUANTUM MECHANICS 

Entanglement, according to Erwin Schrodinger (1935)- 
the inventor of this term-contains "i/ie essence of quan- 
tum mechanics" . Consider a spin-0 particle which decays 
into two spin-1/2 particles (Bohm, 1951). The quantum 
state is such that along any chosen direction, say the 



The two incident photons can also be in an antisymmetric spa- 
tial state (which occurs if the two-photon polarization state is 
also antisymmetric). In this case, the two amplitudes interfere 
constructively. This results in the two photons always exiting 
in separate beams for zero flight time difference (antibunching), 
namely, a coincidence peak (instead of dip) appears here. 
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z-axis, the spin of particle 1 can either be up or down, 
which in turn, by momentum conservation, imphes that 
for particle 2 it is down or up. The spin state is the 
rotationally invariant singlet 

IV'>i2 = ^(l+>i|->2-|->il+>2). (24) 

where, e.g., 1+)^^ describes the state of particle 1 with its 
spin up along the z-direction. The minus sign is necessary 
to get the rotational invariance. The state describes a co- 
herent superposition of the two product states: there is 
no information in the whole Universe on which of the two 
possibilities will be detected at the measurement stage. 
None of those two possibilities is the actual case. Actu- 
alization can happen only via a measurement. This su- 
perposition, like any other, e.g. in the famous double slit 
experiment, survives as long as no measurement actual- 
izing one of those possibilities is performed, and the par- 
ticles do not interact with any environment. None of the 
possibilities actually takes place, but both of them affect 
the predictions for all measurements. Another property 
of the state is that it does not make any prediction 
about an individual spin measurement on one of the two 
particles, the results are random. The spin state of one of 
the particles is described by a reduced density operator, 
which is a totally random state i/, where / is the unit 
operator. All information contained in the state in Eq. 
(IM)) defines only joint properties (Schrodinger, 1935): the 
two spins, if measured with respect to the same direction, 
will be found opposite. As a matter of fact this property 
fully defines the singlet state. 

Imagine that the two particles are far apart, one in 
the laboratory of Alice and the other one in Bob's. As 
soon as Alice measures the value of a spin projection 
along some axis, new information is gained, and for her 
the state of Bob's particle is well defined. This is inde- 
pendent of the spatial separation between them. Thus a 
state like ([M]) is a perfect device to study, and reveal, the 
EPR paradox, and its consequences. Basically, all ear- 
lier studies of entanglement concentrated on that aspect 
of such states [for a review see (Clauser and Shimony, 
1978)]. Later, we saw an emergence of research on en- 



One can apply the EPR reality criterion to the singlet state (124 l l: 
"If, without in any way disturbing a system, we can predict with 
certainty (i.e., with probability equal to unity) the value of a 
physical quantity, then there exists an element of physical re- 
ality corresponding to this physical quantity". This would im- 
ply that to any possible spin measurement on any one of our 
particles we can assign such an element of physical reality on 
the basis of a corresponding measurement on the other particle. 
Whether or not we can assign an element of reality to a spe- 
cific spin component of one of the systems must be independent 
of which measurement we actually perform on the other system 
and even independent of whether we care to perform any mea- 
surement at all on that system. In this way EPR argumented for 
incompleteness of quantum mechanics, as it is a theory without 
their elements of reality 



tanglement of three or more particles, practically with 
the advent of quantum information. 



A. Formal theory of entanglement 

The most important tool for the analysis of pure states 
of two subsystems is the so-called Schmidt decomposi- 
tion. For any pure state, I^E"), of a pair of subsystems, 
one described by a Hilbert space of dimension N, the 
other by a space of dimension M, say N < M, one can 
find preferred bases, one for the first system, the other 
one for the second, such that the state is a sum of bi- 
orthogonal terms, i.e., 

N 

l*>=E^»l«^)il^*)2 (25) 

i=l 

with n{xi\xj)n = Sij, for X = a,b and n = 1,2. The 
coefficients are real. The appropriate single subsys- 
tem bases, here \ai)-^ and \bj)r^, depend upon the state. 
A proof of Schmidt decomposition can be found in the 
book by Peres (2002). A Generalization of Schmidt de- 
composition to more than two subsystems is not straight- 
forward [see (Carteret, Higuchi, and Sudbery, 2000)]. It 
is easy to show that the two reduced density matrices of 
(P5| are endowed with the same spectrum. This does not 
hold for three or more particle subsystems. 

Thus, every pure state of two spins can be put into the 
following form: 

cos(a/2) |+), |+)2 + sin(a/2) [-), l-)^ , 

where the states |±)„, n = 1, 2, are the eigenstates of the 
.u(") operator. The unit vectors z'") are individually 
defined for each of the particles. They define the basis for 
the Schmidt decomposition for each of the subsystems. 

More complicated is the theory of entanglement of 
mixed states. A state (pure or mixed) described by a 
density matrix pj^g of a composite quantum system con- 
sisting of two generic sub-systems A and B is separable if 
and only if pab is a convex combination of local density 
matrices, p\ and pg, of the two sub-systems, namely, 
PAB = T,\P\Pa Pb^ where px > and J2\P>^ = 1- 
Otherwise, pab is entangled (Werner, 1989). For com- 
posite systems of more than two sub-systems this defini- 
tion can be generalized in a straightforward way. 

Basic structural criteria, which decide whether the 
given density operator represents an entangled state, 
were first given by Peres (1996) and Horodecki et al. 
(1996). The full set of separable mixed states is a convex 
set in a multidimensional real space of hermitian oper- 
ators. Thus, any entangled state is separated from the 
set of separable states by a hyperplane. The equation of 
such a hyperplane is defined by an element of the space, 
namely, a hermitian operator W, which is called "entan- 
glement witness" (Horodecki et al, 1996; Terhal, 2000; 
Lewenstein et al, 2000; Brufi et al, 2002). Since the 
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(a) The Hadamard gate 



\a + b) 



(b) Quantum control led-NOT 

FIG. 3 Graphical representations of Hadamard and the quan- 
tum CNOT gates. Here, a + b denotes addition modulo 2. 



scalar product in the operator space is given by Tr(yi^^_B), 
the equation of the hyperplane is given by Tx{W g) — 0. 
For all separable states one has T^v{W g) > 0, whereas for 
the entangled states in question one has TY{Wgent) < 0. 
Thus, via measurement of a suitably chosen witness op- 
erator one can detect entanglement. 

For more details on entanglement theory, see, e.g., Al- 
ber et al. (2001), Mintert et al. (2005), and Horodecki 
et al. (2007). 



B. Basic quantum circuit for preparing and measuring 
entanglement 

As entanglement plays a central role in fundamental 
aspects of quantum mechanics as well as in practical ap- 
plications in quantum information science, it is one of the 
most important tasks to create, manipulate and detect 
entanglement. According to the basic principle of univer- 
sal quantum computation (section [VIIIl see also Nielson 
and Chuang, 2000; Bouwmeester et al, 2001; Preskill, 
1999), with universal quantum logic gates, one can con- 
struct a suitable quantum circuit to produce and identify 
any of the maximally entangled states for any number 
of particles (BruB et al, 1997). In fact, using a simple 
Hadamard gate [Fig.[3i;a)] and the CNOT gate [Fig.E^b)], 
one can prepare and identify any of A^-particle entangled 
states. The action of a CNOT gate is to flip the second 
of two qubits if and only if the first is |1), namely. 



|0)|a)-|0)|a) 



ID 
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(26) 



where a can take the values and 1 and a denotes NOT-a. 

Consider now the network shown in Fig. SJa). Under 
the action of the gates on the left-hand side of the net- 
work, the two qubits can be prepared in any Bell state by 
choosing appropriate input states. It is also easy to ver- 
ify that the reversed quantum network [right-hand side 
of Fig. Ua)] can be used to implement the so-called Bell- 
state measurement on the two qubits by disentangling the 
Bell states. In this way, the Bell-state measurement is re- 
duced to two single-particle measurements. The method 




FIG. 4 (a) The Bell-state measurement: the gates on the left 
hand side allow us to generate the four Bell states from the 
four possible different inputs. Reversing the order of the gates 
(right-hand side of the diagram) corresponds to a Bell-state 
measurement, (b) The GHZ measurement: the same as in (a) 
for the eight GHZ states. 



can be directly extended to a three-qubit case. Figure 
ID^b) shows how to prepare eight maximally entangled 
three-particle states, known as the GHZ states (Green- 
berger et al, 1989, 1990). Reversing the procedure re- 
duces the GHZ-state measurement to the three single- 
particle measurements. 

Generalizing the above procedure, one can see that, in 
general, any measurement on any number of qubits can 
be implemented using only single-qubit operations and 
the CNOT gates. This follows again from the basic the- 
orem for universal quantum computation (section IVIII|1 . 
Thus if we want to measure observable A pertaining 
to n qubits, we could construct a compensating uni- 
tary transformation U which maps 2" states of the form 
|ai)|a2)...|a„), where = 0, 1, into the eigenstates of A. 
This allows both to prepare the eigenstates of A, which 
in general can be highly entangled, and to reduce the 
measurement described by A to n simple, single-qubit 
measurements. 

In the photon domain, however, the manipulation of 
photonic quantum states is accomplished by optical cir- 
cuits which can be thought of as a black box with in- 
coming and outgoing modes of the electromagnetic field. 
The black box transforms a state of the incoming modes 
into a different state of the outgoing modes. The modes 
might be mixed by BS/PBS, pick up relative phase shifts 
or polarisation rotations, and be subject to possible mea- 
surements. For single photonic qubits, preparation and 
measurement are rather trivial as single-qubit rotations 
can easily be done with linear optical elements (see sec- 
tion [ITLC|. However, they are highly nontrivial for en- 
tangled photons due to the difficulty of two-qubit opera- 
tions for photons. 

Actually, two-qubit logic gates with linear optics are 
necessarily probabilistic (see section IVIII.B[) . This in 
turn implies that the above quantum citcuits can only 
be implemented probabilistically if one uses only lin- 
ear optics. In practice, currently the most used entan- 
gled photon pairs are created directly via certain nonlin- 
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ear optical processes (see section |V]), but not by quan- 
tum circuits. For the linear optical identification of the 
Bell/GHZ states, the task can be accomplished, again in 
a probabilistic way (see section |V.F[) . 

C. Multi-particle interferometry 

Entanglement can manifest itself in strictly quantum 
interference phenomena that are of an entirely non- 
classical character. To show this, below we present the 
basic idea of the so-called multi-particle interferometry, 
which is one of the most important concepts underlying 
the arguments testing the completeness of quantum the- 
ory. 



1. EPR interferometry 

Recall that in a single-particle interferometry as in 
Young's double-slit experiment, the interference pattern 
appears as far as the particle's two paths are indis- 
tinguishable. However, for interferometries with two 
or more identical particles, dramatically new features 
arise. Figure [5] is a sketch of a two-photon interferom- 
etry (Horne and Zeilinger, 1986; Zukowski and Pykacz, 
1988; Horne et al, 1989, 1990; Greenberger et al, 1993), 
in which a central source emits two photons in an entan- 
gled state 

\^),, = ^i\a),\a'), + \b),\b'),). (27) 

Here \a) and |6) (|a') and |6')) are two different spa- 
tial modes of photon-1 (photon-2). The entanglement of 
\ip)i2 is actually called momentum entanglement (Rar- 
ity and Tapster, 1990), whose creation will be described 
in section |Vl Before being combined at a 50:50 BS and 
then subject to single-photon detections, the two paths 
of each photon acquire a relative phase shift. 

By taking into account the phase shifts a and /3 and 
the action of the two BS, the probabilities of the coinci- 
dence detections of single photons at the detector pairs 
(Dic/d>D2c/d) read (Horne et al, 1989; Greenberger et 
al, 1993) 

Pic,2d(a,/5) = Pid,2c(a, /?) = -[1 + cos(a - /?)], 

Pic,2c(q:,/5) = pid,2d(a,/3) = ^[1 - cos(q; - /?)]. (28) 

Thus, by simultaneously monitoring the dectors on both 
sides of the interferometry while varying the phase shifts 
a and (3, the interference fringes will be observed as 
shown by the sinusoidal terms, being characteristic of 
quantum interference. By contrast, in any single detec- 
tor, the counting rate shows no interference. For exam- 
ple, pic = Pic,2c(a, /?) +Pic,2rf(a,/5) = 5, independent of 
a and /3. 




FIG. 5 A two-photon interferometry with variable phase 
shifts a and p. Before being combined at the 50:50 BS and 
then subject to single-photon detections, the two paths of each 
photon acquire a relative phase shift. The lower panel shows 
the topologically equivalent apparatus of the two-photon in- 
terferometry. 



The fact that the apparatus in Fig. [5] exhibits two- 
photon correlations [see Eq. rather than single- 
photon interference has some important consequences, 
both conceptual and practical. Gonceptually, entangle- 
ment plays a vital role in the two-photon interferometry 
(Horne et al, 1989): the "nonlocal" correlations exhib- 
ited by the coincidence rate (pS)) stems exactly from the 
entangled two-photon state |'(/')i2 and are stronger than 
what is allowed by local realism. This latter fact un- 
derlies the long-term intensive efforts on Bell's theorem 
and its experimental test. On a practical side, the weird 
entanglement finds profound applications in quantum in- 
formation science, to be reviewed below. 

2. GHZ interferometry 

A slight generalization of the EPR interferometry 
yields the three-photon interferometry (Greenberger et 
al, 1990; 1993) shown in Fig. [3 Though such a step 
from 2 to 3 seems to be small, it nevertheless leads to 
much profound applications, one of which is the GHZ 
theorem (GHZ, 1989; Greenberger et al, 1990; Mermin, 
1990a). The center of the interferometry is a source emit- 
ting three photons in a GHZ-entangled state 

|GHZ)i23 = ^(|ai>i |6i>2 |ci>3 + l«2)i |62>2 1^2)3)- (29) 

Here each photon has two different spatial modes, which 
are, e.g., for photon-1 |ai) and {02). 

By taking into account the actions of the relative 
phase shifts and 50:50 BS, one can read out three novel 
features of three-particle interference (Greenberger et 
al, 1990). First, the respective three-fold coincidence 
detection probability for each triple of output modes 
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FIG. 6 A three-photon interferometry with variable phase 
shifts (/!>a, 4>b and 4>c. 



[(c?i, ei, /i); (di, ei, /2); ...] can easily be obtained. For 
instance, 

PdieifA(t>a,(l)b,(l)c) = ^[1 + Sin{(j)a + (f>b + (l)c)], 
Pd2eifA<f>a,(l)b,(l)c) = ^[1 - Sin(0a + 06 + 0c)]- (30) 

The three-fold coincidence rates given in Eq. as an 
example display the sinusoidal oscillations (with 0a+0fc + 
0c) J which are characteristic of the thrcc-particlc interfer- 
ence. Second, the three-particle interferometer will not 
exhibit any two-particle fringes. For example, if only two- 
particle coincidence ei-/i are detected, while the modes 
di and ^2 are ignored, the observed two-particle coin- 
cidence rate for modes ei and /i are predicted to be 
Pdiei/i(0a,06,0c)+Pd2ei/i(0a,</'b,</'c) = |, whichis Com- 
pletely independent of the phases. Finally, a similar ar- 
gument shows that no single-particle fringes can be ob- 
served in the three-particle interferometer. Actually, An 
n-particle interferometer generalized along the above rea- 
soning will only exhibit n-particle fringes, but no (n — 1)-, 
{n — 2)-,..., single-particle fringes are observable (Green- 
berger et ai, 1990). 

A few remarks are in order. The above two- and three- 
photon interferometry is demonstrated using photon's 
path degree of freedom. However, similar interference 
can certainly be observed using photon's other degrees of 
freedom, such as polarization and emission time. More- 
over, the above argument should be understood as a spe- 
cial case of the wider concept, i.e., multiparticle interfer- 
ometry, where entangled massive particles (e.g, electrons 
and atoms) could also display multiparticle interference. 
Finally, an iV-port interferometer is also feasible, as pro- 
posed by Reck et al. (1994). 



D. Bell's theorem 

Bell (1964, 1987) proved that there is a conflict be- 
tween quantum mechanics and the local realistic theo- 



ries . His famous theorem is of profound scientific and 
philosophical consequences. Since the conflict is limited 
to entangled states. Bell's discovery showed that the pre- 
viously ignored class of states is very important in dis- 
tinguishing between the classical and the quantum. 



1. Bell's inequality 

Consider pairs of photons simultaneously emitted in 
opposite directions. They arrive at two very distant mea- 
suring devices A and B operated by, respectively, Alice 
and Bob. Their apparatuses have a knob, which spec- 
ifies which dichotomic (i.e., two- valued, yes-no) observ- 
able they measure. One can assign to the two possible 
results (eigen-) values ±1 (for yes/no). Alice and Bob 
are at any time (also in a "delayed choice" mode, after 
an emission) free to choose the knob settings. 

Assume that each particle pair carries full information 
(deterministic or probabilistic) on the values of the re- 
sults of all possible experiments that can be performed 
on it^^ (realism). Also, by locality, random choices made 
by them, which can be simultaneous in certain reference 
frames, cannot influence each other, and the choice made 
on one side cannot influence the results on the other side, 
and vice versa. Alice chooses to measure either observ- 
able Al or A2, and Bob either Bi or B2. Let us denote 
the hypothetical results that they may get for the j-th 
pair by A-[ and A2 ^01 Alice's two possible choices, and 
Bl and B^ for Bob's. The numerical values of these can 
be ±1. The assumption of local realism allows one to 
treat A\ and A2 on equal footing as two numbers, one 
of them revealed in the experiment, the second one un- 
known, but still ±1. Thus, their sum and difference al- 
ways exist. Since, either |^^— =2 and l^-J-l-Ajl — 0, 
or - A^l =0 and \A{ + A{\ = 2, and similarly for 
Bob's values the following trivial relation holds 

^ J2 S{suS2){A{+siA{){Bi+S2Bi)^±A, 

Si = ±l S2 = ±l 

where S{si, S2) is an arbitrary "sign" function of si and 
32, that is |S'(si,S2)| = 1- Imagine now that N pairs of 
photons are emitted, pair by pair, and N is sufRciently 



Realism, the cornerstone of classical physics, is a view that any 
physical system (also a subsystem of a compound system) carries 
full information (deterministic or probabilistic) on results of all 
possible experiments that can be performed upon it. A theory is 
local if it assumes that information, and influences, cannot travel 
faster than light. 

E.g., for a device consisting of a polarizing beamsplitter and two 
detectors behind its outputs, this knob specifies the orientation 
of the polarizer, etc. 

We assume that we have a perfect situation in which the detectors 
never fail to register a photon. 

Note, that this openly goes beyond "what is speakable" in quan- 
tum mechanics: it violates complementarity. 
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large, ./iJN < 1. The average value of the products 
of the local values for a joint test (the Bell correlation 
function) during which, for all photon pairs, only one 
pair of observables (say An and -Bm) is chosen, is given 
by 

E{An.Bm)^j^Y.^nBL, (31) 
J=l 

where n = 1,2 and m = 1,2. The relation (|3T|) after 
averaging implies that for the four possible choices the 
following Bell inequality must be satisfied^^ 

-4< S{si,s2)[E{A^,Bi) + s2E{A^,B2) 

Si=±l,S2=±l 

+ si£;(A2, Bi) + siS2-B(A2, B2)] < 4, (33) 

If one chooses a non-factorizable 5'(si, S2), say ^(l + si + 
S2 — SiS2)j the famous CHSH (Clauser, Horne, Shimony, 
and Holt, 1969) inequality is recovered^^ 

5BeU= |^(^l,Bi)+S(Ai,B2) 

+E{A2,B^)^E{A2,B2)\<2, (34) 

which is the first experimentally testable Bell inequal- 
ity^^ 

In the actual experiment, if the choices of actual ob- 
servables are random and independent from all other pro- 
cesses in the experiment, only in part of the cases (around 
1/4-th) the given pair of observables would be measured. 
However, as N is large, the correlation function obtained 
on a randomly pre-selected subensemble^^ of pairs can- 
not differ too much from the one that would have been 
obtained for the full ensemble. Therefore, for the values 
of the actually chosen measurements the inequality (j34[) 



All such inequalities boil down to just a single one 
^ \E{Ai,Bi) + S2E{Ai,B2) 

si=±l S2=±l 

+ sxE{A2,Bi) + s^S2E(A2,B2)\ < 4, (32) 

see Weinfurter and Zukowski (2001), Werner and Wolf (2001). 
The simple algebra to reach this result rests on the fact that 
E.,=±i Si = 0, while Es,-=±i = 2. 

The original Bell (1964) inequality, since it assumes perfect cor- 
relations of the singlet state, cannot be tested experimentally, as 
in such a case correlations are never perfect. A generalization of 
the original inequality to the imperfect case leads to the CHSH 
inequality. 

Note that the subensemble is selected by the choice of observables 
made by Alice and Bob before the actual measurements. If the 
choices are statistically independent of any other processes in 
the experiment, which is equivalent to Alice and Bob having 
free will, expectation values of correlation functions conditioned 
on a particular choice of local settings do not differ from the 
unconditional ones, like Eq. ^Q. For more details see Gill at al. 
(2002). 



also must hold. Note that the presented Bell-type argu- 
ment avoids any explicit introduction of hidden variables, 
other than the hypothetical local realistic results. 

Some quantum processes involving entangled states vi- 
olate this inequality. The predictions for the spin- 1/2 sin- 
glet are an example, in which S'bcII can acquire the maxi- 
mal value 2-\/2 allowed by quantum mechanics, known as 
the Cirel'son bound (Cirel'son, 1980; Landau, 1987). In 
fact, predictions for any pure, non-factorizable (i.e., not 
necessarily maximally entangled) two-system state lead 
to violations (Gisin and Peres, 1992). This is also the case 
for a wide range of mixed states (Horodecki, Horodecki 
and Horodecki, 1995). In this review we present many 
laboratory violations of Bell's inequalities, as well as of 
higher-order inequalities for more than two particles. 

2. Bell theorem without inequalities 

If there are N > 2 maximally entangled quantum sys- 
tems (qubits), and if measurements on them are per- 
formed in N mutually spatially separated regions by N 
independent observers, the correlations in such an ex- 
periment violate bounds imposed by local realism much 
stronger than in the two-particle case. The new feature 
is that instead of purely statistical reasoning for deriv- 
ing Bell's inequality, one can follow the spirit of the EPR 
paper, attempt to define "elements of reality" basing on 
specific perfect correlations of the entangled state, and 
with the same perfect correlations show contradiction of 
these elements with exactly those quantum predictions 
which were used to define them (Greenberger, Horne, and 
Zcilingcr, 1989). 

Take a GHZ state of = 3 particles: 

|^(3)) = i=(|a)|5>|c> + |a')|6')|c')) (35) 

where {x\x') = {x = a,b,c, and kets denoted by one 
letter pertain to one of the particles). The observers, 
Alice, Bob and Cecil, measure the observables: A(0^), 
B(0b), (7(0c), defined by 

Xi^x) = \+,cf>x){+Ax\ - \-,<f>x){~,^x\ (36) 

and 

|±,0x) = ^i±i\x')+e^pii(j)x)\x)). (37) 

where X = A, B,C'. The quantum expectation value of 
the product of the three local observables is given by 

= sin{4>A + (t>B + (f>c)- 

Therefore, (pA + (pB + (pc — /2 + kir {k: integer), one 
has perfect correlations. For instance, for (j)A = 7r/2, 
(/>B = and (pc = 0, whatever may be the results of local 
measurements of the observables, for say the particles 



16 



belonging to the i-th triple represented by the quantum 
state \ip{3)), they have to satisfy 

A'{tt/2)B\0)C\0) = 1, (38) 

where X'^{(j)) {X = A,B or C) is the value of a local mea- 
surement of the observable X{(j)) that would have been 
obtained for the i-th particle triple if the setting of the 
measuring device is (j). Locality assumption forces one to 
assume that X'^{(p) depends solely on the local param- 
eter. Equation (|38p indicates that we can predict with 
certainty the result of measuring the observable pertain- 
ing to one of the particles (say C) by choosing to measure 
suitable observables for the other two. Hence the values 
X'^{(j)) for the angles specified in the equality are EPR el- 
ements of reality. However, if the local apparatus settings 
are different, one would have had, e.g., 

A\0)B'{0)C\n/2) = 1, (39) 
A'{0)B\TT/2)C'iO) = 1, (40) 
A'{T:/2)B\7:/2)C'{7r/2) = -1. (41) 

Since X*((/)) = ±1, if one multiplies Eqs. (|38ll40p side by 
side, the result is 

A\TT/2)B\TT/2)C\n/2) = +1, (42) 

which contradicts (|4ip . Thus the EPR elements of reality 
program breaks down, because it leads to a 1 = —1 con- 
tradiction. Introduction of EPR elements of reality leads 
to a prediction concerning one of the perfect correlations, 
(I42p , which is opposite with respect to the quantum pre- 
diction. We have a "Bell theorem without inequalities" 
(Greenberger et at, 1990). 

Multiparticle Bell inequalities. ~ln laboratory one can- 
not expect perfect correlations. Thus, any test of local 
realism based on the GHZ correlations has to resort to 
some Bell-type inequalities. Series of such inequalities 
were discovered by Mermin (1990b), Ardehali (1991) and 
Belinskii and Klyshko (1993). To get the full set of such 
inequalities, for correlation functions involving the prod- 
uct of the result of all parties, it is enough to generalize 
the relation (pij) to the situation in question. E.g., for 
three partners one has 

5(si,S2,S3)(Ai +SlAi)(i?^ +S2i?^) 

Sl,S2,S3 = ±l 

X (Cf +,S3C^)=±8, (43) 

with the new symbols being an obvious extension of the 
ones in (pij) . This leads to the following Bell inequal- 
ity [Werner and Wolf (2001); Weinfurter and Zukowski 
(2001)]: 

I SlS2S3£^(Afc,S,,C„0| <8, 

si,S2,S3=±l fc,i,m=l,2 

which is the necessary and sufficient condition for cor- 
relation functions involved in it, E(Ak, Bi, Cm), to have 



a local realistic model [for proofs see Werner and Wolf 
(2001), Zukowski and Brukner (2002)]. The reasoning 
is trivially generalizable to an arbitrary number of par- 
ties. The noise resistance^^ of violations of such in- 
equalities by A^-particle GHZ states [GHZtv) is growing 
exponentially with N. This is an important fact, be- 
cause one expects noise to increase the more photons are 
involved in an interferometric experiment (due to the in- 
creasing complications, and alignment problems). Thus 
non-classicality of the GHZ correlations can be signifi- 
cant even for many particles (Mermin, 1990b; Klyshko, 
1993; Roy and Singh, 1991; Zukowski 1993; Gisin and 
Bcchmann-Pasquinucci, 1998). 

Two-observer variations of the GHZ theorem were 
discovered recently (Cabello, 2001a, 2001b; Chen et 
ai, 2003). So far, the GHZ- (type) theorem has been 
tested with three-photon entanglement (Pan et al, 2000), 
four-photon entanglement (Zhao et al, 2003a) and two- 
photon hyper-entanglement (Yang et al, 2005, and some- 
what indirectly by Cinelli et al, 2005). All experiments 
confirm the quantum predictions. 

There are many other fundamental tests of quantum 
mechanics. For instance, for two-particle states. Hardy 
(1993) has found situations, where quantum mechanics 
predicts a specific result to occur sometimes, and local 
realism predicts the same result never to occur (for an 
experiment see Boschi et at, 1997). In a remarkable pa- 
per by Ekert (1991), Bell's inequalities and entanglement 
have a direct application in quantum cryptography.^* 
Actually, there is a fascinating link (Scarani and Gisin, 
2001; Gisin et al, 2002) between security of certain quan- 
tum communication protocols and Bell's theorem. This 
link extends also to (quantum) communication complex- 
ity protocols (Brukner et al, 2004). A recently discovered 
two-observer variation of the GHZ theorem also plays a 
key role in a deterministic and efficient quantum cryp- 
tography protocol (Chen et al, 2006d). 



E. Refutation of certain nonlocal realistic theories 

The logical conclusion one can draw from the violation 
of local realism is that at least one of its assumptions fails. 
Specifically, either locality or realism or both cannot pro- 
vide a foundational basis for quantum theory. Each of the 
resulting possible positions has strong supporters and op- 
ponents in the scientific community. However, Bell's the- 
orem is unbiased with respect to these views: on the basis 



As a matter of fact this single inequality either implies all earlier 
derived tight inequalities, e.g., those of Mermin (1990b), or is 
tighter. 

As measured by the decreasing threshold visibility V in the mix- 
ture (l-y)^l-|-y|GHZjv)(GHZjv| which is sufficient to violate 
the inequalities. 

For a cryptographic protocols involving GHZ states see 
(Zukowski et al, 1998; Chen et al, 2005). 
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of this theorem, one cannot, even in principle, favour one 
over the other. It is therefore important to ask whether 
incompatibihty theorems similar to Bell's can be found 
in which at least one of these concepts is relaxed. A 
recent work (Groblacher et al, 2007) addresses a broad 
class of nonlocal hidden- variable theories that are based 
on a very plausible type of realism and that provide an 
explanation for all existing Bell-type experiments. Nev- 
ertheless, their conflict with quantum predictions were 
demonstrated, both in theory and experiment, following 
the recent approach of Leggett (2003), who introduced 
the class of nonlocal models and formulated an incom- 
patibility theorem. 

It is sufficient for our purposes to focus our description 
on the polarization degree of freedom of photons. The 
theories are based on the following assumptions: (1) all 
measurement outcomes are determined by pre-existing 
properties of particles independent of the measurement 
(realism); (2) physical states are statistical mixtiires 
of subcnsembles with definite polarization, where (3) 
polarization is defined such that expectation values 
taken for each subensemble obey Malus' law (the cosine 
dependence of the intensity of a polarized beam behind 
an ideal polarizer). 

These assumptions provide a natural explanation of 
quantum mechanically separable states (polarization 
states indeed obey Malus' law). In addition, they do not 
explicitly demand locality; namely, measurement out- 
comes may very well depend on parameters in space-like 
separated regions. As a consequence, such theories can 
explain some important features of quantum mechani- 
cally entangled (non-separable) states of two particles: 
first, they do not allow information to be transmitted 
faster than the speed of light; second, they reproduce per- 
fect correlations for all measurements in the same bases, 
which is a fundamental feature of the Bell singlet state; 
and third, they provide a model for all earlier performed 
experiments in which the CHSH inequality was violated. 
Nevertheless, we will show that all models based on as- 
sumptions (l)-(3) are at variance with other quantum 
predictions. 

A general framework of such models is the follow- 
ing: assumption (1) requires that an individual binary 
measurement outcome A for a polarization measurement 
along direction a (that is, whether a single photon is 
transmitted or absorbed by a polarizer set at a specific 
angle) is predetermined by some set of hidden- variables 
A, and a three-dimensional vector u, as well as by some 
set of other possibly non-local parameters rj (for example, 
measurement settings in space-like separated regions) - 
that is, A = A{X,u,a,ri). According to assumption (3), 
particles with the same u but with different A build up 
subcnsembles of "definite polarization" described by a 
probability distribution /Cu(A). The expectation value 
^(u), obtained by averaging over A, fulfils Malus' law, 
that is, ^(u) = J d\pu{\)A{\,u,a.,rj) = u • a. Fi- 
nally, with assumption (2), the measured expectation 



value for a general physical state is given by averag- 
ing over the distribution F{u) of subcnsembles, that is, 
(A) = J duFiu)A{u). 

The correlation function of measurement results for a 
source emitting well-polarized photons is defined as the 
average of the products of the individual measurement 
outcomes: 

AB(u,v)= y^rfApu,v(A)A(a,b,A)B(b,a,A) (44) 

For a general source producing mixtures of polarized pho- 
tons the observable correlations are averaged over a dis- 
tribution of the polarizations _F'(u,v), and the general 
correlation function E is given by: 

E = {AB) = J rfurfvF(u,v)AB(u,v) (45) 

It is a very important trait of this model that there 
exist subensembles of definite polarizations (indepen- 
dent of measurements) and that the predictions for the 
subensembles agree with Malus' law. It is clear that other 
classes of non-local theories, possibly even fully compli- 
ant with all quantum mechanical predictions, might ex- 
ist that do not have this property when reproducing en- 
tangled states. Such theories may, for example, include 
additional communication (Bacon and Toner, 2003) or 
dimensions (Ne'eman, 1986). A specific case deserving 
comment is Bohm's theory (Bohm, 1951). There the 
non-local correlations are a consequence of the non-local 
quantum potential, which exerts suitable torque on the 
particles leading to experimental results compliant with 
quantum mechanics. In that theory, neither of the two 
particles in a maximally entangled state carries any an- 
gular momentum at all when emerging from the source 
(Dewdney et al., 1987). 

The theories described here arc incompatible with 
quantum theory. The basic idea of the incompatibil- 
ity theorem (Leggett, 2003) uses the following identity, 
which holds for any numbers A = ±1 and B = ±1: 

-1 + \A + B\=AB = 1-\A-B\. (46) 

Then the following generalized Leggett-type inequality 
can be obtained (Groblacher et al, 2007): 

Snlhv = \En{y^) + -^23(0)1 + \E22{<p) + ^23(0)] 

<4--|sin||, (47) 

where Ei~i (if) is a uniform average of all correlation func- 
tions, defined in the plane of afc and b(, with the same 

relative angle cp; the subscript NLHV stands for "nonlocal 
hidden- variables" ."^^ For the inequality to be applicable. 



Inequalities more useful in experiments were recently derived 
(Paterek et al, 2007; Branciard et al, 2007, 2008). 
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the vectors ai and bi necessarily have to he in a plane 
orthogonal to the one defined by a2 and b2. This con- 
trasts with the standard experimental configuration used 
to test the CHSH inequality, which is maximally violated 
for settings in one plane. 

Quantum theory violates inequality (|47p . Consider the 
quantum predictions for the polarization singlet state 
of two photons, \-^-)ab = ^ [\H)a\V)b ~ \V)a\H)b], 
where, for example, \H)a denotes a horizontally polar- 
ized photon propagating to Alice. The quantum correla- 
tion function for the measurements and b; performed 
on photons depends only on the relative angles between 
these vectors, and therefore Eki — ~ak ■ hi = — cos (p. 
Thus the left hand side of inequality (|47p . for quantum 
predictions, reads 1 2 (cos (/?-!- 1)|. The maximal violation 
of inequality ||T7|) is for (pmax = 18.8°. For this difference 
angle, the bound given by inequality (|47|) equals 3.792 
and the quantum value is 3.893. Thus the case for 
realistic theories receives yet another hit. 



F. Non-contextual hidden variable theories 

Another class of theorems, which show the drastic 
difference between the classical and the quantum, are 
the no-go theorems for non-contextual hidden variables 
(NCHV) interpretations of quantum mechanics [Bell, 
1966; Kochen and Specker, 1967; Mermin, 1990c; for a 
survey, see (Mermin, 1993)]. Such realistic theories as- 
sume that hidden variables fix the values of measurement 
results of all possible observables for the given system, 
and that such values are not dependent on the measure- 
ment context. That is, they do not depend on which 
other observables are commeasurable with them. The 
measurement context is defined by a maximal observ- 
able. It is interesting that already in the lowest dimen- 
sional case, for which a degenerate observable can exist, 
and only such observables can be measurable in differ- 
ent contexts, that is for dimension 3, non-contextual hid- 
den variable models of quantum mechanics are impossible 
(Kochen and Specker, 1967).^^ 

Bell's theorem is a case of no-go theorem for NCHV 
for which non-contextuality is given by the locality as- 
sumption. As locality forbids the result on Alice's side 
to depend on the actual observable chosen to be mea- 
sured by Bob, etc., the non-contextuality is enforced by 
the relativistic causality. This is very appealing, because 
relativity is assumed to be a principle setting theory for 
causal links. Non-contextuality, without the help from 
relativistic principles, seems to be a much stronger as- 
sumption. Nevertheless, both NCHV theories and local 
realistic ones can be reduced to the assumption of the 



An observable is maximal if it has a non-degenerate spectrum. 
'^^ For dimension 2 a degenerate observable is just a constant. 



existence of a joint probability distribution for noncom- 
measurable observables.'^^ 



V. PHOTONIC ENTANGLEMENT: CREATION AND 
MEASUREMENT 

Ever since the seminal work of EPR there has been a 
quest for generating entanglement between quantum par- 
ticles.^^ Entangled photon sources play a central role in 
the experimental study of quantum mechanical founda- 
tions and are vital resource in optical quantum informa- 
tion processing. The early Bell-test experiments used en- 
tangled photons from atomic cascades. Such a source has 
a drawback. The directions of emissions are uncorrelated. 
Thus, the collection efficiency of the entangled photons is 
low. Fortunately, it was discovered in mid eighties that 
the process of spontaneous parametric down-conversion 
[first observation by Burnham and Weinberg (1970)] al- 
lows pairs of entangled photons to be collected with rea- 
sonable intensity and with very high purity. 

Today, entangled photon sources with increasing qual- 
ity, brightness and numbers of entangled photons can be 
routinely realized, which enabled a significant fraction of 
key progresses in quantum information science. In this 
section, we shall thus focus on the creation of photonic 
entanglement of various forms and on photonic entan- 
glement measurements (especially photonic polarization 
entanglement analyzers such as the Bell-state and GHZ- 
state analyzers). 



A. Spontaneous parametric down-conversion process 

In the SPDC process in a non-centrosymmetric crystal, 
with a high nonlinear electric susceptibility, an incom- 
ing higher-energy pump photon sometimes splits into two 
lower-energy daughter photons such that energy and mo- 
mentum inside the crystal are almost precisely conserved. 
Thus, the photon pair is strongly correlated in energy and 
momentum, or, complementarily, in space and time. 

The quantum nature of SPDC was first studied by 
Klyshko and Zel'dovich (Klyshko, 1967, 1988; Zel'dovich 
and Klyshko, 1969). In the works of MoUow (1973) and 
Hong and Mandel (1985) the theory reached its final 
form. The predicted strong quantum correlations be- 
tween the photon pairs created in SPDC, were first ex- 
perimentally observed by Burnham and Weinberg (1970). 
Quantum interference of (type-I) SPDC photons was 
first used to violate Bell's inequality. Alley and Shih 



Note that such distributions are impossible in quantum formal- 
ism. 

We concentrate on photon-photon entanglement. The matter- 
photon entanglement was realized for, e.g., atom-photon inter- 
faces (Blinov et ai, 2004) and for atomic ensemble-photon (Mat- 
sukevich et al, 2006a) . 
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(1986), Shih and Alley (1988), and Hong, Ou, and Man- 
del (1987). The process was shown to be a ready source of 
(path) entangled pairs by Horne, Shimony and Zeilinger 
(1989), and polarization entanlement in type-II process 
was discovered by Kwiat et al. (1995). 

In the following we will give a brief introduction to the 
physics of SPDC and the entangled photons in various 
distinct degrees of freedom [such as polarization, momen- 
tum, or time (time bin)]. For a comprehensive survey of 
SPDC, we also refer to, e.g., (Shih, 2003). 



1. The two-photon states produced by SPDC 

If one shines strong laser light on a crystal, the 
pump photons have some probability to split into cor- 
related pairs of lower energy. This is called sponta- 
neous parametric down conversion (SPDC). The new 
photons, customarily called "signal" and "idler" , sat- 
isfy the conservation-like (so called phase matching) rela- 
tions: within the crystal one has kg « -l-kg where sub- 
scripts 0, s and i denote, respectively, pump, signal and 
idler wave vectors, and the respective frequencies satisfy 
Wo « ciJi -|- ciJs . These relations have a form of conserva- 
tion laws, but they result out of an interference process 
within the crystal. The emerging pairs of photons are 
tightly correlated in time and emission directions. 

Crystal- field interaction. -Iw the interaction Hamilto- 
nian of the electromagnetic field with an atom or a 
molecule, the dominating part is Ha~f ~ fJ-e • E{x,t), 
i.e., scalar product of the dipole moment, fi, of the atoms 
or molecules with the local electric field. Since the elec- 
tric polarization, p{x,t), of a medium is given by the 
mean dipole moment of the atoms or molecules per unit 
volume, the principal term of the field-crystal interac- 
tion Hamiltonian, Hint, is proportional to Jyp{x,t) ■ 
E{x,t)(Px, where V is the volume of the crystal. One 
can assume that E{x,t) interacts with p{x, t) only in the 
point X, thus the i-th component of polarization is in the 
most general case given by 

+ T.lu=ixfi{x)E,{x,t)Ek{x,t) + --- , 

(48) 

where x^j^ are xTjk ^''^ ^^"^ (macroscopic) polarizability 
tensors. For any crystal with centro-symmetric structure 
the quadratic term of the polarizability vanishes. Thus, 
the SPDC effect exists only for birefringent media. If one 

assumes that Xljki^) ^^'^ ^^'^ same value for all points 
within the crystal, one gets 

Hint / p{x,t) ■E{x,t)cPx 
Jv 

= I p'-'"'{x,t) ■ E{x,t)d^x 
Jv 

+ I p-''\x,t) ■E{x,t)d^x, 
Jv 



where p-'™ (p'"') is the linear (nonlinear) term of polar- 
ization. The nonlinear part of the Hamiltonian is 

H^"^^ J Y,x[fkE^{x,t)E,{x,t)Ek{xA)d''x. (49) 

Electromagnetic field. -The quantized electric field can 
be expressed (in the interaction picture) as 

2 „ 

E(x,t)^y / d^k 

X e{k,p)a{k,p)e'^^-'""^^^ + h.c. 

E^+\x,t) + E'--\x,t), (50) 

where E'^^\x,t) = [E^^^ {x,t)]\ and the summation 
is over two orthogonal linear polarizations, h.c. de- 
notes the hermitian conjugate of the previous term, 
and i{k,p) is a unit vector defining the linear polar- 
ization. The symbol a{k,p) denotes the annihilation 
operator of a monochromatic photon with wave vec- 
tor fc, and polarization e{k,p). The principal commu- 
tation rule for such creation and annihilation opera- 
tors is given by^'* [a{k,p), a^k' ,p')] = Spp'S^^^k - k'), 
[at(fc,p),at(fc',p')] =Oand [a{k,p),a{k' ,p')] =0. 

The relevant terms in the Hamiltonian. -One can ne- 
glect the depletion of the laser field and assume that the 
total field is E^"'"'' {x,t) -t- E{x,t), where E^"'"'' is a 
classical field. The quantum field E describes the emit- 
ted photons. The down conversion takes place, thanks to 
only the terms in (f49|) of the form 



ijk 



(51) 



Simply, only E^~^ contains the creation operators, and 
thus acting on the vacuum state \Q) can give rise to a two- 
photon state. Thus, we forget about all other terms and 
analyze only H^^ in the form of ([?T|) plus its Hermitian 
conjugate. 

Let us describe the laser field as a monochromatic wave 
x£;o(e'('=<'-^-"°'-"^) + c.c), where Eq is the field ampli- 
tude.^^ Then, from ([5T|) . one gets for H'^^ 



+ c.c 



^ E / rf^fc/Me(fc,P)«^(fc,P)e"'^'""""*^ (52) 
xE/ d'^k'f{Lu')e{k,p)a^{k\p)e-'^'''-''-^''U^x + h.c., 



^'^ These new operators are linked with the ones discussed earUer 
by the relation a' = J cfikg^^^a{k,p). 

Since an arbitrary electromagnetic field is a superposition of the 
plane waves, starting with this trivial case it is very easy to get 
the general description. 
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with /(w) being a factor dependent on lo. Its specific 
structure is irrelevant here. Extracting only those el- 
ements of the above expressions which contain x and 
i, one sees that their overall contribution to H^^ is 
given by A(±fco -k~ A;')e-'(±'^°-'^-'^')*, where A(...) = 
(f'xe^'^^''"^''^'' ^'^ . The terms with the time depen- 
dent factors, e*('^°+'^+" average out in any time inte- 
gration, and thus we can drop them. If we assume that 
our crystal is a cube L x L x L, then for i ^ oo, A 
approaches 5{ko — k — k'). Thus, emission of the pho- 
ton pairs is possible only for the directions for which the 
condition ko Ki k + k' is met. Finally one has 

^"^"^ ~ E E / d^f" J d'kA{ko k fe')<p^ 

± P:P' 

X e-*("°-"-"''*a^(fe,p)at(A;',p') + h.c, (53) 

where A^JJ, = Ej,fc ^oX3jlej (fc,p)efc(fc',p') is the effec- 
tive strength of the laser-crystal coupling. Furthermore, 
we shall replace the symbol A'^-^^, by Fo{ko). 

The state of photons emitted in the SPDC process. - 
The pump-crystal coupling is weak. The evolution of 
the state \^ D{t)) (in the interaction picture) is given by 
ih■§-^\^ oit)) = H^^{t)\^D{t)). In the first order in the 
perturbation expansion 

\^n{t)) ^ \^D{t,)) + ^ /,* H^^{t')\^D{t,))dt'. 

(54) 

Put io — — oo, and take the vacuum state (no pho- 
tons) |ri) as the initial state |\E'(0)). Then, only in the 
term with the integral one can find creation of pairs of 
photons. It contains an integral of the following form: 
dt' e'*' ^'^+'^' which is 2ti5{uj + uj' - ujq). Thus, 
the two-photon component of the state, aX t — oo, is 

EE/'^^'^/ d^k'Fo{ko)A{ko-k-k') 
± p,p' 

X 5{lu + uj' --LUo)a^k,p)a^k',p')\n), (55) 
and the frequencies of the emissions satisfy the relation'^^ 

UJQ = U! + uj' . 

Directions of emissions. -Since uj = |fc| , where 
^(^^^p^ — c{uj,p) is the speed of light in the given medium, 
which depends on frequency and polarization, the con- 
dition for frequencies becomes |fco|c(t^o) — \k\c{ijj,p) + 
|fc'|c(tt'',p'). This, together with feg ~ fes + ki fixes 
the possible emission directions, frequencies and polar- 
izations. There are two types of SPDC. Type-I: both 



One should add here a note that in reality this relation is not 
absolutely sharp. The molecular polarization was treated here 
phenomenologically. Still, once a more refined model is used the 
relationship is sharp enough, so that the deviations from per- 
fect equality are beyond the resolution of the present measuring 
apparata. 



photons of a pair have the same polarization; type-II: 
they have orthogonal polarizations.'^^ 

Time correlations. -Ths probability of a detection of a 
photon, of say, the horizontal polarization H , at a de- 
tector situated at point x and at time t, is proportional 
to r^TrQ{t)E^^\x,t)E^^\x,t), where ?7 is the coefficient 
which characterizes the quantum efficiency of the detec- 
tion process, g is the density operator, Eu is the hori- 
zontal component of the field in the detector. For the 
above relation to be true, we also assume that, only via 
the aperture of the detector enter the photons of a spec- 
ified direction of the wave vector. For a pure state, this 
reduces to p{x,t,H) ~ {'ip\E'j^^ E'-j^^\ip). The probability 
of a joint detection of two photons, of polarization H, at 
the locations Xi and X2, and at the moments of time t 
and t , is proportional to 

p{xi,t;x2,t) - {ilj\E^~\xi,t)E^-\x2,t) 

xE^+\x-2,t)E^+\x,,tm. (56) 

If the detectors are very far away from each other, and 
from the crystal, then the photon field reaching them can 
be treated as free-evolving. We put into the photon 
state ([55]) . Let t = ti and t' = t2, and ji/') = |V'(^ = cc))i 
then (|56p can be written down as 

p{x,,t\x2,t') ~ (lP\E'^j[\xi,t)E'^j[\x2,t') 

xE^+\x,,t)E^+\x2,t')\ij). (57) 

To simplify the description, let us replace the annihi- 
lation and creation operators, which were used above, 
with new operators ai{ui) and their conjugates, which 
describe "unidirectional" excitations of the photon field 
[i.e., we assume that the detectors see only the photons of 
a specified direction of propagation, a good assumption if 
the detectors are far from the crystal, and the apertures 
are narrow, see (Fearn and Loudon, 1987)]. The index 
i defines the direction (fixed) of the wave vector. The 
new operators satisfy commutation relation, which are a 
modification of those given above to the current specific 
case [ai(w), a](w')] = 5ij5{uj — uj'), [ai{uj),aj{uj')] = 0. If 
we choose just two propagation directions that fulfill the 
phase matching conditions, then effectively one can put 

E^+\x,,t) = J duje-"^'f,iuj)a,iuj) 

with i = 1,2, and where /i and /2 are the frequency 
response functions of the filter-detector system. We as- 
sume that the maxima of the functions agree with the 
frequencies given by the phase matching conditions. In- 
troducing a unit operator / — J2i^o \bi){bi\i where \bi) is 



If one has u> ^ w' then we have a frequency degenerate PDC, 
and if fc ~ fc', then we have a co-linear one. 
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the basis states, into ([57)1 . we obtain 

p{xi,t\x2,t') ~ {'^\E''-\xi,t)E^-\x2,t') 

xiE^+\xi,t)E'^\x2,t'M. (58) 

Since contains only the annihilation operators, they 
transform the two-photon state \^) into the vacuum 
state. Thus, Eq. ^E\j can be put as (MoUow, 1973) 



p{x,,t\x2,t') ~ {^\E'^^^E'^-^\n){n\E'^'E;,-^>\i;), (59) 

where the primed expressions pertain to the mo- 
ment of time t' and the position X2. Thus we 
have p{xi,t\x2,t') ~ \Ai2{t,t')\'^ , where Ai2{t,t') = 

{n\E''f^\xi,t)E'^^\x2,t')\iP) . With the use of the new 
creation operators, the state l"^) can be approximated by 

4- J dtoi j duj2Fo5{uj — uji ^ ^JJ2)o\{^JJl)a\{L02)\^) ■ 

(60) 

With this one gets the following formula for the detection 
amplitude 

Ai2(t,i') = / duj'e-''^''f2{uj')a2{u') 



(+)f'(+)i 



X j due fi{Lj)ai{uj) j duJ2 J duj2 

X FoS{llIo - wi - uj2)al{uj2)a\{LLii)\n) . (61) 

Since the creation and annihilation operators for 
different modes commute, and since one can use 
{il\ai{LLj')a^j{u!)\il) = SijS{uj' — cu), we get 

Ai2{t,t') = Foe-''^^'*' J diue-'-^^'-*'^f2{u;o ~ ^)/i(^), 

(62) 

and we have 

p{xi,t\x2,t') - \Ai2{t,t')\^ 

^1 J (*-*')/2(c.o-^)/i(cc')P, 

(63) 

i.e., the probability depends on the difference of the de- 
tection times. 

For instance, assume that: fi — f2 — f , and that 

they are Gaussian, /(w) — Ce ^ , with the central 
frequency ujc ~ ^^o- Then we have fi{u) — f2{ojQ~uj) — 
f{uj). The probabihty of detection of two photons at the 
moments t and t' reads 



p{xi,t\x2,t') 
~ I / duje-'^('-''^C\ 



-4{t-t'f 



(64) 



If cr ^ oo then the expression approaches 5{t — t'). 
We have perfect time correlation. For a realistic case of 



final bandwidths, the degree of time correlation of the 
detection of the SPDC photons depends entirely on the 
frequency response of the detectors. 

The output state of pulsed pump SPDC. Since the 
pump pulse is a superposition of a monochromatic waves, 
the output state for this case is an integral of the 
monochromatic case over the momentum profile of the 
pulse: = J d^ko\tp{Fo{ko)), where |V'(i^o(fco)) is 

the state for in the monochromatic case with wave vec- 
tor k and field amplitude Fo{ko). Since the frequency of 
the pulse and the wave vector are not strictly defined. If 
the pulse is too short the SPDC photons are less tightly 
correlated directionally. 

The two photon state coming out of an SPDC can be 
approximated by 



I*) 



^010-^0(^^0) / duji / duj2 



X S{u!o — oji — uj2)a\{uji)al{uj2)\fl) , (65) 



where we have replaced the effective pump amplitude 
by the spectral decomposition of the laser pulse Fo{ujo)- 
Since a pulse is a superposition of monochromatic waves, 
we therefore integrate over its spectrum. 

Two-photon detection amplitude: the pulsed pump 
case. -If we have a pulsed pump we have to integrate the 
amplitude (j62[) over the frequency content of the pump 
(just like it is in the case of the state I65p : 



A{t,t') = / dujoFo{ujo)e 



3-M*-0/2(a;„-c.)A(c.) 



dt, 



dti / dt2Fo{tp)h{t-tp)f2{t' -tp). 



(66) 



where, e.g., Fo{t) is the Fourier transformation (time pro- 
file) of Fo{uj). Namely, the time correlation of the detec- 
tions is defined by the resolution of the respective filters, 
and the events happen at times dictated by the pulse. 



2. Early SPDC interference experiments 

One of the first phenomena observed using the SPDC 
sources was interference effect now called the Hong-Ou- 
Mandel dip (Hong, Ou, and Mandel, 1987), descrbed in 
section IIII.Dl Type-I down conversion was used therein. 
This allows both SPDC photons to be almost fully indis- 
tiguishable, due to the fact thay they possess the same 
polarization, and thus their spectral properties are sym- 
metric. If the optical paths are identical, the alterna- 
tive quantum processes are indistingushable, and one 
has the dip. In a related experiment (Ou and Mandel, 
1988b) with SPDC photoms of slightly different central 
frequencies, one could observe the so-called spatial quan- 
tum beats phenomennon (beating in the coincidence rate 
depending on the relative optical paths). It should be 
pointed out that these two-photon interference effects are 
insensitive to the relative phase of the photons. 
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The Hong-Ou-Mandel interference experiment was 
since repeated many times [see, e.g., also (Walborn et 
al, 2003a) for the multimode case]. It can also be ob- 
served with photons that are successively emitted from, 
e.g., a quantum-dot single-photon source (Santori et al, 
2002). Recently, Legero et al. (2004) demonstrated the 
fourth-order interference of two photons in the temporal 
regime. 

First obsevations of Bell-type quantum interference for 
photon pairs generated by type-I SPDC were made by 
Shih and Alley (Alley and Shih, 1986; Shih and Al- 
ley, 1988), and Ou and Mandel (1988a). The photons 
of a down-converted pair were impinging a 50:50 BS, 
each into a different input port. Polarization of one 
of the photons was rotated by 90°. If the two photons 
are indistinguishable except that they are oppositely po- 
larized (say, one is horizontally polarized, and the 
other vertically polarized, V), then after leaving the two 
output ports 1 and 2, the resulting two-photon state is 
i[^/2|^-)l2 +i(|iJ)i \V), + \H)^ \V)^)]. Thus in coinci- 
dence, behind two separated polarization analysers, de- 
tection effects only due to the first, entangled, component 
appear.^* There was some controversy (see De Caro and 
Garuccio, 1994) whether such observation is a valid test 
of a Bell inequality. However, it turnes out that if one 
takes into account the full process, one can derive a re- 
fined version of Bell's theorem which applies for this type 
of experiment (Popescu, Hardy, and Zukowski, 1997). 

3. Various types of entanglement 

Below we summarize several standard types of pho- 
tonic entanglement, which can be obtained with SPDC 
sources. 

Polarization entanglement. -The standard method to 
produce polarization-entangled photons in now the non- 
collinear type-II SPDC process (Kwiat et al, 1995) and 
its principle is desribed in (Fig. [7]) and the caption. The 
state emerging through the two beams A and B is a su- 
perposition of and namely, 

l={\H)A\V)B + e^''\V)A\H)B) (67) 

where the relative phase a is due to the birefringence. 
Using an additional birefringent phase shifter (or even 
slightly rotating the down-conversion crystal itself), the 
value of a can be set as desired, e.g., to or tt. A net 
phase shift of tt may be obtained by a 90° rotation of a 
quarter wave plate in one of the paths. A half wave plate 
in one path can be used to change horizontal polarization 
to vertical and vice versa. One can thus produce any of 
the four BeU states in Eq. p7)) . 



This type of interference was recently demonstrated for two indis- 
tinguishable photons from quasi-independent sources (Pittman 
and Franson, 2003; Fatal et al, 2004). 




(horizontal) |H)a|V)b - |V)a|H)b 



FIG. 7 Principle of type-II parametric down-conversion. In- 
side a nonlinear crystal (e.g., BBO), an incoming pump pho- 
ton can decay spontaneously into two photons. Two down- 
converted photons arise polarized orthogonally to each other. 
Each photon is emitted into a cone, and the photon on the top 
cone is vertically polarized while its exactly opposite partner 
in the bottom cone is horizontally polarized. Along the di- 
rections where the two cones intersect, their polarizations are 
undefined; all that is known is that they have to be different, 
which results in polarization entanglement between the two 
photons in beams A and B. 



The birefringerence introduces complications. Since 
the ordinary and extraordinary photons have different 
velocities, and propagate along different directions, even 
though they become coUinear outside the crystal, the re- 
sulting longitudinal and transverse walk-offs between the 
two terms in the state (I67p are maximal for pair creation 
near the entrance face. This results in a relative time 
delay 5T = L{\/uo — l/we) {L is the crystal length, and 
Uo and Ue are the ordinary and extraordinary group ve- 
locities, respectively) and a relative lateral displacement 
d — L tan p [p is the angle between the ordinary and 
extraordinary beams inside the crystal). If for the co- 
herence time, Tc , of the down-converted light one has 
5T > Tc, then the terms in Eq. (j67p become, in principle, 
distinguishable, and no two-photon polarization interfer- 
ence is observable. Similarly, if d is larger than the co- 
herence width, the terms can become partially labeled by 
their spatial location. Fortunaely, because the photons 
are produced coherently along the entire length of the 
crystal, one can completely compensate for the longitudi- 
nal walk-off (Rubin et al, 1994). After the compensation, 
interference occurs pairwise between processes in which 
the photon pair is created at distances ±x from the mid- 
dle of the crystal. The ideal compensation is therefore 
to use two crystals, one in each path, which are identical 
with the down-conversion crystal, but only half as long. 
If the polarizations are rotated by 90° (e.g., with a half 
wave plate), the retardations of the o and e components 
are exchanged and complete temporal indistinguishabil- 
ity is restored {ST = 0). The method provides optimal 
compensation for the transverse walk-off effect as well. 

Using type-II SPDC, two-photon states of tunable pu- 
rity and the degree of entanglement can be produced 
(White et al, 1999; Peters et al, 2004; CineUi et al, 
2004). This extends the boundaries of experimentally 
accessible two-qubit Hilbert space of photons. 
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FIG. 8 A Franson-type experiment testing the interference 
of time-entangled photon pairs by measuring them with two 
remote unbalanced Mach-Zehnder-interferometers. 
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FIG. 9 Schematic of the pulsed time-entangled twin-photon 
source (Gisin et al, 2002). 



Temporal entanglement. -The two photons of an SPDC 
are tightly time correlated. Because of the spontaneous 
nature of the emission, if the crystal is pumped by a cw 
laser, the time of pair emission is undefined. Suppose 
that both photons enter two identical unbalanced Mach- 
Zehnder interferometers with the path-length difference, 
AL much longer than their coherence length (see Fig. [8]). 
As it was shown by Franson (1989) the coincidence count 
rates at the outputs of both interferometers show a sinu- 
soidal interfernce pattern, which depends on the sum of 
the local phase shifts. If coincidence gate is much shorter 
than ALc only the following processes contribute to the 
intereference: 



1 

71 



I long) 1 1 long) 2 + e*"^ I short) 1 1 short) 2 



(68) 



where \short) and \long) denote the photon in short or 
long arm of the local interferometer. This is the princi- 
ple of Franson-type interferometry (Franson, 1989). This 
type of interference was observed with high visibilities by 
Brendel et al. (1992) and Kwiat et al. (1993). 

A pulsed-pump version of Franson-interferometry is 
called time-bin entanglement (Brendel et al, 1999; Mar- 
cikic et al., 2002; Gisin et al, 2002), and is good for 
practical apphcations (see Fig. A short, ultraviolet 
pump pulse is sent first through an unbalanced Mach- 
Zehnder interferometer (the pump interferometer), and 
next through a BBO crystal. In the interferometer the 
pulse is split by the first variable coupler (an optical fiber 
equivalent of a variable BS) into two pulses, one propa- 



gating along the short path and another along the long 
path. If the pulse duration is shorter than ALc, the 
output from the second variable coupler is two pulses, 
well separated in time. This process transforms the state 
of the pump into a superposition a|short)p + /3|long)p. 
Then, if via SPDC a pump photon split into a pair, it is 
in the state 



a I short) 1 1 short) 2 + /3 1 long) i| long) 



(69) 



The two entangled photons can be separated and sub- 
ject to local measurements in unbalanced interferometers 
with AL identical as in the pump interferometer (For 
more details, see Gisin et al., 2002). By varying the cou- 
pling ratio of the couplers and phases in the pump in- 
terferometer, all two-qubit entangled time-bin states can 
be generated. Ihe coherence is build by the pump in- 
terferometer. A remarkable advantage of the time-bin 
entanglement is that it can be robustly distributed to a 
long distance in optical fibers-experimental distribution 
over 50 km in optical fibers was achieved (Marcikic et al. , 
2004). 

Path entanglement. -Entanglement experiments involv- 
ing path-entanglement were propposed by Horne and 
Zeilinger (1986), and their feasible version by Zukowski 
and Pykacz (1988). Finally Horne, Shimony and 
Zeilinger (1989) showed that SPDC is an ideal source 
in case of such experiments. This was realized by Rarity 
and Tapster (1990). Due to the phase-matching relation, 
idler and single photons of given frequncies are correlated 
in emission directions (i.e., paths, or momenta). One 
can use apertures, see Fig. [lUl to select only two spatial 
conjugate mode pairs (directions). The pairs of photons 
emerge via the apertures such that they are either in the 
upper a-mode (al) and lower b-mode (62), or in the lower 
a-mode (a2) and upper b-mode (61). The resulting state 
is thus 



I*) 



1 



V2 



(e'''^''|al)|52) -f e'^°|a2)|61)). (70) 



The a-modes enter a BS via opposite inputs, so do b- 
modes. Behind the beamsplitters upper and lower paths 
cannot be distinguished, leading to two-photon interfer- 
ence, which depends on the sum relative phase shifts in 
a and b modes. 

In the Rarity- Tapster experiment two particle inter- 
ference fringes had 82% visibility. This is beyond the 
maximum predicted for any local realistic model of the 
experiment (see also section |IV.D[) . however, lower than 
in polarization entanglement experiments. This is due 
to the difficulties of alignment and overlap of the four 
beams. For further discussion on the physics underlying 
this interferometer, see section HV.C.ll 



B. Hyper-entangled photons 

As it was shown earlier the SPDC photons are entan- 
geld in energy and momentum, and if suitably selected. 
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FIG. 10 The Rarity- Tapster experiment on momentum en- 
tanglement from a type-I SPDC (Rarity and Tapster, 1990). 
Two correlated pairs of modes are selected from the emis- 
sion spectrum of a type-I down-conversion source using dou- 
ble apertures A. The different wavelengths are recombined on 
two BS. The detectors Das, -Dm, DaA, and Dm are used to 
measured the outputs from the BSs. 



can be also entangled in polarization or path. If one se- 
lects pairs which are entangled not only in polarization 
but also in some other degree (s) of freedom, this spe- 
cific entanglement is called hyper- entanglement (Kwiat, 
1997). Hyper-entanglement may have interesting appli- 
cations. These include hyper-entanglement assisted Bell- 
state analysis (Kwiat and Weinfurter, 1998; Walborn et 
al., 2003b; Schuck et ai, 2006), entanglement purifica- 
tion (Simon and Pan, 2002), two-particle GHZ-type test 
of local realism (Chen et al, 2003), implementations of 
single-photon two-qubit CNOT gate (Fiorentino et al, 
2004) and two-qubit swap gate (Fiorentino et al, 2005), 
and deterministic quantum cryptography (Chen et al, 
2006d). In addition, hyper-entanglement can also be 
interpreted as entanglement of two higher-dimensional 
quantum systems (Chen et al, 2003). This may be 
used in higher-dimensional quantum cryptography (e.g., 
Bechmann-Pasquinucci and Peres, 2000; Cerf et al, 
2002). 



two orthonormal kets \d) and \u) denote the two path 
states of photons. By properly adjusting the distance 
between the mirror and the crystal such that (j) — 0, one 
gets 



l*) = k")poi®k"(0)) 



path * 



(71) 



which is a two-photon state maximally entangled in both 
polarization and path. 



2. Polarization-time entanglement 

A more robust distribution of hyper-entanglement is 
possible with photon pairs which are entangled both in 
time (i.e., time-bin entanglement) and in polarization 
(Genovese and Novero, 2002; Chen et al, 2006d). To 
create such polarization-time entanglement, a short, ul- 
traviolet laser pulse is sent first through an unbalanced 
Mach-Zehnder interferometer (the pump interferometer), 
to have two pulses well separated in time; next they pass 
a BBO crystal. Assume that each pulse can create the 
following state: -j^{\H)-^ \H)^ + \V)-^ IV)^), thus after the 
"early" and "late" pulses pass the crystal, a polarization- 
time entangled two-photon state is created |vE')i2 = 
i(|i/)i \H)^ + \V), \V)^) ® \E)^ + e^^ \L), \L)^). 
Here \E) (early time) and \L) (late time) are two time 
shifted states of photons (time shift beyond the coher- 
ence time makes them orthogonal). The phase shift cf) 
can be adjusted by changing in the relative phase of the 
two pulses. Using a "time-path transmitter" introduced 
by Chen et al (2006d), one can realize a transformation 
between polarization-path and polarization-time hyper- 
entanglement. 



1. Polarization-path entanglement 

The first polarization-path hyper-entanglement was in- 
dependently realized by Barbieri et al (2005) using type-I 
nonlinear crystal, and by Yang et al (2005) using type- 
II nonlinear crystal. Polarization-path entanglement can 
be generated by a double pass of a pump laser through 
a BBO crystal (Chen et al, 2003). A pump pulse pass- 
ing through the crystal leasds to a non-zero proabalil- 
ity amplitude of creating a polarization-entangled photon 
pair in two spatial (path) modes dA and ub-, for example 
l^")poi = 75 (I^^)a \y)B - \y)A \H)b)- If the pump is 
refiected and passes the crystal a second time, then an- 
other probability amplitude is non zero: for producing 
entangled pairs of photons in but now into the 

other two path modes ua and ds- Both pair-creation am- 
plidutes can made be equal by adjusting a focusing lens 
F. If there is perfect temporal overlap of modes Ra and 
La and of modes ub and c?b, the path state of the pairs 
is |^-(0))p,th = 7l(l">A M>B -e^"^ \d)A W)b)^ where the 



3. Entanglement in more degrees of freedom 

In an experiment by Barreiro et al (2005), besides the 
entanglement in polarization and in energy, photon pairs 
from a single nonlinear crystal were also entangled in or- 
bital angular momentum. By pumping two contiguous 
BBO crystals with optical axes aligned in perpendicular 
planes, a two-photon (2(g)2)(g)(3(8)3)(8)(2(g)2)-dimensional 
hyper-entangled state was produced, approximately de- 
scribed by 

{\HH) + \VV))® {\rl) + a\gg) + \lr)) (g) {\EE) + \LL)) . 

" V ' " ' " V ' 

polarization spatial energy-time 

Here |/), \g) and \r) represent the paraxial spatial modes 
(Laguerre-Gauss) carrying —h, 0, and +h orbital angu- 
lar momentum, respectively (Allen et al, 2003); a de- 
scribes the orbital-angular-momentum spatial mode bal- 
ance which is due the properties of the source (Torres et 
al, 2003) and the selection via the mode-matching con- 
ditions. 
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C. Photonic entanglement in higher dimensions 

Photonic entanglement in higher dimensions can in 
principle generated by SPDC process in a form of gener- 
alization of path-entanglement into more than two conju- 
gate pairs of beams (Zeilinger et al, 1993), and analyzed 
with TV-port BS (for a general theory of such devices 
see Reck et at, 1994). As it was shown by Zukowski, 
Zeilinger and Horne (1997) such configuration can lead to 
new types of EPR correlations, and can be used as tests 
of local realism (which are more discriminating than two 
qubit tests, see [Kaszlikowski et al. (2000)]. However, 
such schemes usually require complex optical circuits. 

A more practical route is as follows. The spatial 
modes of the electromagnetic field carry orbital angu- 
lar momentum. Orbital angular momentum eigenstates 
of photons are states of the electromagnetic field with 
phase singularities (doughnut modes). This can be uti- 
lized for observation of higher dimensional entanglement 
(Mair et al, 2001; Vaziri et al, 2002, 2003). This ap- 
proach has advantages in certain quantum communica- 
tion protocols (Vaziri et al, 2002, Molina- Terriza et al, 
2004; Groblacher et al, 2006). 

In the experiments, first it was confirmed that SPDC 
conserves orbital angular momentum of photons. This 
was done for pump beams carrying orbital angular mo- 
menta of ~h, 0, and +h per photon respectively. Next 
it was shown that the state of the down-converted pho- 
tons is indeed a coherent superposition of the two-photon 
processes allowed by angular momentum conservation, in 
other words: that orbital angular momentum state of the 
pairs is entangled. Since the Laguerre-Gauss modes form 
a infinite basis, the SPDC pairs are in an entangled state 
given by 



\^) = Co,o|0)|0) + Ci,_i|l)| - 1) + - 1)|1) 

+ C2.-2|2>| - 2) + C_2,2| - 2>|2> + . . . , (72) 

where the numbers in the brackets represent the indices 
I of the Laguerre-Gauss modes and the Ci,j denote the 
corresponding probability amplitudes. 



D. Twin-beam multi-photon entanglement 

It is also possible to produce entangled states involving 
large numbers of photons, approaching the macroscopic 
domain. Such entanglement is related to experiments on 
twin beams (Smithey et al, 1992) and should be called 
bipartite multi-photon entanglement. It should not be 
confused with multi-photon entanglement in which each 
photon represents a qubit, and can be individually ma- 
nipulated. 



For another realization of multi-dimensional photonic entangle- 
ment, i.e., the "pixel entanglement", see (O'SuUivan-Halo et al, 
2005). 



The bipartite multi-photon entanglement can be gener- 
ated via a standard SPDC, but with a strong pump pulse. 
The interaction time is increased by employing cavities 
both for the pump and the down-converted light. Such 
a stimulated SPDC (Lamas-Linares et al, 2001; Simon 
and Bouwmeester, 2003) may show the onset of laser- 
like action for entangled photons ( "entanglement laser" ) 
in the sense that a (spontaneously created) photon pair 
in two polarization-entangled modes stimulate, inside a 
nonlinear gain medium, the emission of additional pairs. 

A simplified Hamiltonian for the generation of polar- 
ization entangled SPDC photons is given by -ffgpDc = 
iK{a\fby — ayb\j) + h.c. Horizontally {H) and vertically 
(V) polarized photons occupy two spatial modes (a and 
&); K is a coupling constant that depends on the non- 
linearity of the crystal and the intensity of the pump 
pulse. After the interaction time t the resulting photon 



state is given by 



SPDC 1 0), namely, (Kok and 



Braunstein, 2000; Lamas-Linares et al, 2001; Simon and 
Bouwmeester, 2003) 



—J— ^ VrT+Ttanh" t\tP~) , 



cosh T 



\'^n) = Yl I — —r \n-m,m;m,n-m), (73) 
\/n+ 1 



where \n — m,m;m,n — m) denotes a number state in 
respectively modes an, ay, bn and by, and t — nt in 
the interaction parameter. To avoid multi-pair emission 
events most SPDC experiments are restricted to r < 0.1. 
By going to higher values, bipartite entangled states con- 
stituting of large numbers of photons are generated. The 
state 1^) is a superposition of the states ji/'n ) of n indis- 
tinguishable photon pairs. Each is an analog of a 
singlet state of two spin-n/2 particles, thus \'ip) is invari- 
ant under joint rotations of the polarization bases of both 
modes. The polarization of each beam is completely un- 
determined, but the polarizations of the two beams are 
always anti-correlated. The average photon pair number 
is (n) = 2 sinh^ r. 

From such states one can extract for example the fol- 
lowing 2-pair term of Eq. ([75)1 : 



|^2-) = -^(|2,0;0,2)-|l,l,l,l) 



|0,2;2,0)), (74) 



which can be treated as a sinlglet state of two (composite) 
spin-1 systems [see Howell et al. (2002) for a test of Bell's 
inequality by entangled states of spin-1 systems]. 

The theory of entanglement laser was developed by Si- 
mon and Bouwmeester (2003). The basic principle of 
stimulated entanglement creation was first experimen- 
tally demonstrated in the few-photon regime (Lamas- 
Linares et al, 2001). Later, twin-beam entanglement of 
up to 12 photons (Eisenberg et al, 2004) was experimen- 
tally observed. A specific twin-beam entanglement is the 
so-called "high NOON" type (Bouwmeester, 2004) state 
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of two beams a and b (Dowling, 1998; Kok et al, 2001, 
2002): 

INOON) = \N,Q;0,N) = l=(\N)a\0)b + \0)a\N)b). 

(75) 

It was experimentally realized for = 3 (Mitchell, Lun- 
deen, and Steinberg, 2004) and iV = 4 (Walther et al, 
2004) . The latter experiment demonstrated a fascinating 
feature of NOON states: the effective de Broglie wave- 
length of the multiphoton state is by 1/A^ shorter than 
the waveleght of a single photon (Jacobson et al, 1995). 

Bipartite multi-photon entanglement has many inter- 
esting applications including tests of foundations of quan- 
tum theory (Howell et al, 2002), phase sensitive mea- 
surements (Holland and Burnett, 1993; Mitchell et al, 
2004) and quantum photolithography beyond the classi- 
cal diffraction limit (Boto et al, 2000; Kok et al, 2001). 

E. Multi-photon polarization entanglement 

The original motivation to observe entanglement of 
more than two particles, with measurements on the parti- 
cles perfomed at spatially separeted stations, stems from 
the observation by GHZ that three-particle entangle- 
ment leads to a dramatic conflict between local realism 
and EPR's ideas with predictions of quantum mechanics 
(Greenberger et al, 1989), see section llV.D.21 However, 
in 1989 no ready sources of three or more particle entan- 
glement were available. Yurke and Stoler (1992a, 1992b) 
showed that in theory multiparticle entanglement effects 
should be in principle observable for particles originating 
from independent sources. A general method for making 
such an interference observable, and also to swap entan- 
glement, was given by Zukowski et al (1993), Zukowski 
et al (1995), Rarity (1995) and Zukowski et al (1999). 
This will be presented first, and later we shall show a se- 
ries of experiments in which multi-phonton entanglement 
was observed. Once one is able to entangle two photons 
that never interacted, one can costruct very many types 
of entanglement (Zeilinger et al, 1997), which can be 
utilized in very many ways (Bose et al, 1998). 

1. Entanglement construction 

We basically have at hand only sources of two-praticle 
entanglement. We shall show in detail how to swap en- 
tanglement of two pairs of particles (Zukowski, Zeilinger, 
and Weinfurter, 1995). The technique of, here, erasing 
which-source information, can be applied in many other 
configurations, e.g., in the case of a double pair emis- 
sion from a single source, etc. It works even for totally 
independent emissions (provided they are synchronized) . 

Entangling two independent particles: the pinciple.- 
Figure[TT]shows a configuration for obtaining interference 
effects for two pairs of particles originating from two in- 
dependent sources. Assume that the sources in Fig. [TTl 



c(-) c(+) 




d(-) d(+) 



FIG. 11 Four-particle interference effects for two pairs of par- 
ticles originating from two independent sources (Zukowski et 
al, 1999). 



A and B, each spontaneously emits a pair of particles in 
an entangled state (all particles are supposed to be iden- 
tical) at nearly the same moment of time, and the states 
of the pairs are 1^1''^) = -i= (|a)|d) + |a')|c')) for source A, 

and 1*^) = ^ {\b')\d') + \b)\c)) for source B (the letters 
represent beams taken by the particles in Fig. [TTl ^nd 
(e|/) = Sef)- The beams x and x' , where x = a, b,c or d, 
are superposed at 50:50 beamsplitters. Behind the beam- 
splitters we place detectors in the output ports x{±). In 
all unprimed beams one can introduce a phase shift of 
(fix- The detector stations differ in their role: a(±) and 
6(±) observe radiation coming from one source only, and 
this is not so for stations d{±) and c(±). For instance, 
if a single particle is detected by d{-\-), its origin may 
be uncertain. If it cannot be determined which source 
produced the particle which activated the detectors, say 
d{-\-) and c(-f ), then four-particle interference effects may 
occur. 

Assume that detectors a{+) and b{+) also fired. Si- 
multaneous firings of the four detectors can exhibit inter- 
ference effects provided the two contributing processes- 
detection of the particles from source A in d{+) and 
a{+), and detection of the particles from B in c{+) 
and b{+); detection of the particles from source A in 
c{+) and a{+), and detection of the particles form 
B in d{+) and b{+)-are indistinguishable (all knowl- 
edge of the sources of the photons in c(-l-) and d(-l-) is 
erased). Note that depending on the phase shifts the 
detection at, e.g., c{+) and d{+), is a reahzation of a 
Bell-state measurement, which occurs if the two pho- 
tons are in state {\c')\d') + e*('^<=+'^'') |c) . Therefore 
the other two photons are due to this event in state: 
^ {\b')\a') + e-*('^'=+'^'') \b)\a)) . This process is called en- 
tanglement swapping. 

Enforcing source indistinguishability.-luY&gme now 
that the sources of entangled states are two crystals 
pumped by independent pulsed lasers operating syn- 
chronously. Assume that the time separation between 
two pulses is much larger than all other time scales of 
the experiment, i.e., we study the radiation generated in 
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each crystal by a single pulse. We omit retardation effects 
by assuming equal optical paths. We assume that we pick 
the SPDC radiation with frequencies close to ^ui°, where 
uj° is the central frequency of the pulse. Suppose that 
the four SPDC photons are detected coincidentally (up 
to a few nanosecond window), one in each of the detec- 
tors a(+), b{+), c{+), and d{+). One could determine 
that photon detected at d{+) came from crystal A (B) by 
noting the near simultaneity of the detection of photon 
d{+) and one of the photons at a{+) or b{+) (the detec- 
tion times of a true SPDC pair are tightly correlated). 
To ensure that the source of photons is unknowable the 
photons should be detected behind a filtering system (to 
be called later simply a filter) whose inverse of the band- 
width (coherence time) exceeds r (pulse duration) by an 
order of magnitude. Then, the temporal separation of 
true SPDC pairs spreads to around lOr and thereby pre- 
vents identifying the source of the photon at d(+) by 
comparison of the arrival times. However, if the detec- 
tions at, say, b{+) and c{+) are strictly time correlated 
one still concludes that the photons came from one crys- 
tal. One can again put a similar filter in front of the 
detectors c(±) and as such, the which-way information is 
erased. Note that no filtering is required in front of the 
detectors a(±) and &(±)."'" 

One can estimate the maximal visibility expected for 
the interference process. The amplitude of the four- 
photon detections at, say, detectors a(+), b{+), c{+) and 
d{+) at times ta, ib, tc, and td, is proportional to 

+ Avd'{tb,td)Aa'c'{ta,tc), (76) 

where (j^i, i = a,b, c, d is the local phase shift in the given 
beam. To get an overall probability of the process one 
has to integrate the square of the modulus of the am- 
plitude over the detection times. Since typical time res- 
olution of the detectors is of the order of nanoseconds, 
which is much longer than the coherence times of typical 
filters and the width of fs pump pulses, the integrations 
over time can be extended to infinity. The joint prob- 
ability to have counts in the four detectors behaves as 
1 - V(4) cos iJ2x=a bcd't'x) and the visibility V(4) is given 

by 



V, 



(4) 



/ d'^tlAadita, td)Ai,c{tb, tc)Abrd' (h, td)Aa'c'{ta, tc)\ 
/ dH\Aadita,td)Abc{tb,tcW ' 

(77) 

where d'^t = dtadt\jdtcdtd- Assume that the filter func- 
tions in all beams are of identical Gaussian form: Ff{t) = 
e~2'^p*\Ff{t)\, whereas the pump beam is described by 



This method also precludes the possibility of inferring the source 
of the photon from the frequency correlations. The frequency of 
the photons reaching d{+) is better defined than the pumping 
pulse frequency, and it is the spread of the latter one that limits 
the frequency correlations of the idler-signal pair from one source. 



G{t) = e~'"p*|G(t)|. Here uj° is the central frequency 
of the pulse, and |F| and \G\ functions are given by 

exp [-i(w-17)Vcr2j^ .^yj^gj.g Q ^ l^o (fQj. 1^1) 

(for \G\), and a is the given spectral width. One gets: 



Vi 



(4) 



1/2 



(78) 



where dp is the spectral width of the pulse, cr/ is the 
spectral width of the filters in beams a,a' ,d,d' , and the 
spectral width of the filters in c and d is ap- If one re- 
moves the filters in beams a, a', b and 6', the formula 

simplifies to V(4) ~ (^ q-^+o-^ j ■ Namely, narrow fil- 
ters in paths a, a' and 6, 6' are not necessary to obtain 
high visibility (Zukowski et al, 1999). The other filters, 
for detectors which observe radiation from both sources, 
should be always sufficiently narrow. 

The influence of photon statistics. -The visibility of the 
four-particle fringes in the set-up of Fig. [TT] can be im- 
paired by the statistical properties of the emission pro- 
cess. The statistics of a single beam of a down converter 
is thermal-like. The state of idler-signal pairs emerging 
via a pair of (perfectly phase matched) pinholes is given 
by 



-=oZ \m,s)\m,i) 



(79) 



where z is a number dependent on the strength of the 
pump, |m, s) (|m, i)) denotes an m-photon state in the 
signal (idler) mode, and N is the normalization constant. 
It can be shown (Zukowski et al, 1999) that visibility 
is reduced below 50% if \z\'^ > {Vvf - 3)/8 « 0.140. 
Thus, to have high visibility the ratio of the probability 
of each pulse to produce a single down converted pair to 
the probability of not producing anything must be less 
then 14%. This threshold is at quite high pump pow- 
ers. Nevertheless, this puts a strong limitation as far as 
how many particles can be entangled using such meth- 
ods. Simply, creation of entanglement for many particles 
requires more and more initial entangled pairs, thus one 
pumps stronger. However, strong pump leads to lower 
visibility of quantum intereference, which may prohibit to 
observe the correlations due to the desired multi-photon 
entanglement. 

Remarks. -Note that source indistingushability in prin- 
ciple can also be achieved with an ultra-coincidence tech- 
niques, which does not require pulsed pump, but ex- 
tremely good detection time resolution, AT, by order 
of magnitute sharper that the coherence time of the fil- 
tered SPDC radiation, and rejection of all events at c{+) 
and d{+) which are detected with time difference higher 
than, say, 2 AT [see Zukowski et al. (1993)]. In such 
a case the pumping lasers may be cw ones.*^ However, 



A recent experiment reported by Haider et al. (2007), however. 
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FIG. 12 A three- and four-photon polarization-entanglement 
source. The photon sources, A and B, pumped by short 
pulses. Here the PBSl is a rotated PBS which transmits 
45° polarization and reflects —45° polarization, _F is a narrow 
filter, and Dti and Dt2 are two single-photon detectors. 



such techniques are difficult to use in case of SPDC, due 
to lack of sufficnetly time resolving detectors. 

The methods described above call for femtosecond 
pulsed laser as a pump. Unfortunately, femtosecond 
pulse pumped SPDC shows relatively poor quantum in- 
terference visibilities (Keller and Rubin, 1997). The 
following methods were tested to lead to increase the 
quantum interference visibility in femtosecond pulse 
pumped type-II SPDC: (i) to use a thin nonlinear crystal 
(Sergienko et al, 1999), (ii) to use narrow-band spectral 
filters in front of detectors, as shown above (Grice and 
Walmsley, 1997; Grice et al, 1998; Di Giuseppe et al, 
1997), or (iii) to use an interferometric technique (Bran- 
ning et al, 1999, 2000) without spectral and amplitude 
post-selection (Kim et at, 2001). The first two methods 
necessarily reduce the intensity of the entangled photon 
pairs significantly and cannot achieve perfect overlap of 
the two-photon amplitudes in principle. For the theoreti- 
cal and experimental details of the last method, see (Kim 
et al, 2001). 



2. First proposal 

In 1990's many proposals were made for observations 
of multi-photon entanglement (Zukowski et al, 1993; 
Zukowski, Zeilinger and Weinfurter (1995); Zeilinger et 
al, 1997; Pan and Zeilinger, 1998; see also section lV.F.2p . 



achieved this using single-photon detectors of a time resolution 
"70 ps, which is much shorter than the coherence length ("350 ps) 
of the photons in the experiment. In this way, photon timing can 
be obtained by the detection times, and pulsed sources can be 
replaced by cw sources, which do not require any synchronization 
(see section |VII.E.4|| . Yet, the Haider et al. experiment has a 
much lower rate of fourfold coincidences. 



or involving atoms (Cirac and ZoUer, 1994; Haroche, 
1995). Also three nuclear spins within a single molecule 
have been prepared such that they locally exhibit three- 
particle correlations (Lloyd, 1998; Laflamme et al, 1998). 

The idea of observing photonic GHZ entanglement, 
later put into practice, was given by Zeilinger et al 
(1997) and by Pan and Zeilinger (1998), see Fig.IH As- 
sume that sources A and B simultaneously emit a pho- 
ton pair each. Pairs in beams x,y (1, 3, and 2, 4) are 
in identical polarization states -^{\Hx, Hy) + \Vx,Vy)). 
The state of the four particles, after passage of 2 and 
3 via PBSl, if the sources of the photons are indistin- 
guishable (which can be secured using the methods of 
section |V.E.1[) . reads 



\{\Hi,H2,H^, Hi) + \Vi,V2, V^, Vi) 
+ \Hi,H3, Vs, V4) + \VuV2,H2, Hi)). 



(80) 



Only for the superposition \Hi, H2, H3, H4) + 
1^11^2,^3,14), which is a GHZ state, leads to four- fold 
coincidence. Therefore, four-fold coincidences can reveal 
four-particle GHZ correlations. 

The scheme in Fig. [TH also allows one to generate un- 
conditional three-particle GHZ states using a method 
based on the notion of entangled entanglement (Krenn 
and Zeilinger, 1996). For example, one could analyze the 
polarization state of photon 2 by passing it through a 
PBS selecting 45° and —45° polarizations. Then the po- 
larization state of the remaining three photons 1, 3 and 
4 wiU be projected into -^{\Hi,H3,H4) + \Vi,V3,V4), if, 
and only if, detector Dti detects a single photon. A simi- 
lar superposition, however with a minus sign, is obtained 
once detector Dt2 detects a single photon. The detec- 
tion of photon 2 excludes the last two terms in Eq. (|80p . 
and projects the remaining three photons into a spatially 
separated and freely propagating GHZ state. However, 
the scheme works only if both sources emit a pair each, 
and there are no two-pair (and more) emissions from one 
source. 



3. Experimental realizations 

Three-particle GHZ correlations were observed in an 
experiment by Bouwmcester et al (1999a). One of the 
main complications of other experiments, namely, the 
creation of two pairs of photons by a single source, was 
turned into an advatage. Figure [T51 is a schematic of the 
setup. Pairs of polarization-entangled photons are gen- 
erated by a short pulse of ultraviolet (UV) light (« 200 
fs, A = 788 nm from a frequency-doubled, mode-locked 
Ti-Sapphire laser), which passes through a BBO crystal. 
The probability per pulse to create a single pair in the 
desired modes was of the order of a few 10~*. Each pho- 
ton pair is created in the state {\Ha,Vb) — \ Va,Hi,)) 
(the relative phase is irrelevant, as long as it is the same 
for both pairs). 
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FIG. 13 Schematic drawing of the experimental setup for cre- 
ating GHZ entanglement of three spatially separated photons 
(Bouwmeester et al., 1999a). The UV pulse incident on the 
BBO crystal produces two pairs of entangled photons. Condi- 
tioned on the registration of one photon at the trigger detector 
T, the three photons registered at Di, D2, and D3 exhibit the 
desired GHZ correlations. 
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FIG. 14 A modified Bell-state analyzer (Pan and Zeilinger, 
1998). Two indistinguishable photons enter the Bell-state an- 
alyzer from input ports A and B. D^fi, Dvi, ^h2, and Dv2 
are four photon-counting detectors. The angle between the 
half-wave plate axis and the horizontal direction is 22.5° such 
that it corresponds to a 45° rotation of the polarization. 



Extending the above technique, entanglement among 
more particles was observed. For the four-photon entan- 
glement, see (Pan et al, 2001a; Zhao et al, 2003a; Eibl 
et al, 2003); the five-photon polarization entanglement 
was observed by Zhao et al (2004). Very recently, six- 
photon entanglement in graph states (see section |VIII.C[) 
was also observed by Lu et al (2007). 



F. Photonic polarization entanglement analyzers 

The preparation and measurement of Bell states are es- 
sential for many quantum information processing proto- 
cols, such as quantum dense coding (Bennett and Wies- 
ner, 1992; Mattle et al, 1996), quantum teleportation 
(Bennett et at, 1993; Bouwmeester et al, 1997; Boschi 
et ai, 1998), and entanglement swapping (Zukowski et 
al, 1993; Pan et al, 1998). After having discussed the 
photonic entanglement creation, below we present the ex- 
isting photonic polarization entanglement analyzers (i.e., 
Bell-state and GHZ-state analyzers). 



1. Bell-state analyzer 

According to the Bell-state measurement circuit in 
Fig. IHa) , a full Bell-state measurement necessitates non- 
linear optical interactions at a single-photon level so as 
to realize the CNOT gate. Actually, it is proved that 
the full Bell-state measurement is impossible with only 
linear optics (Vaidman and Yoran, 1999; Liitkenhaus et 
al, 1999). The existing Bell-state analyzer for photonic 
polarization entanglement (Weinfurter, 1994; Braustein 
and Mann, 1995; Michler et al, 1996) involves practically 
realizable procedures, by which one can readily identify 



two of the maximally entangled states of any number of 
photons (Pan and Zeilinger, 1998). 

The Bell-state analyzer first suggested by Weinfurter 
et ai is based on the two-photon interference effect at a 
50:50 BS and can distinguish two of the four Bell states 
via two-fold coincidence analysis. Here we introduce a 
modified version of the Bell-state analyzer, which can 
directly be generalized to the TV-particle case (Pan and 
Zeilinger, 1998); the basic elements of the experimental 
setup are just PBS and half-wave plates. 

Consider the arrangement of Fig. [Ml Two identical 
photons enter our Bell-state analyzer from modes A and 
B, respectively. Of course, these two photons A and 
B arrive at PBSab simultaneously so that their spatial 
wavefuctions overlap each other. Noting the property 
of PBS in Fig. [2] and using the coincidence between de- 
tectors in mode 1 and in mode 2, one is ready to see 
that two Bell states |0'*')i2 and \(j)~)i2 can be identified. 
Specifically, if we observe a coincidence either between 
detectors D^fi and Dh2 or Dyi and Dv2, then the inci- 
dent state was -j^{\HA}\HB) + \Va)\Vb)). On the other 
hand, if we observe coincidence between detectors Dhi 
and Dy2 or Dyi and T)h2, then the incident state was 
-j^{\HA)\HB) - \Va)\Vb)). The other two incident Bell 
states will lead to no coincidence between detectors in 
mode 1 and in mode 2. Such states are signified by some 
kind of superposition of \Ha)\Vb) and \Va)\Hb)- This 
concludes the demonstration that we can identify two of 
the four Bell states using the coincidence between modes 
1 and 2. Actually, one can identify any two of the four 
Bell states using similar technique (Pan and Zeilinger, 
1998). 

A recent teleportation experiment (van Houwelingen et 
al, 2006) exploited a novel Bell-state analyzer for time- 
bin qubits allowing the detection of three out of four Bell 
states with linear optics, two detectors, and no auxiliary 
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FIG. 15 A GHZ-state analyzer (Pan and Zeilinger, 1998). 
Three photons incident one each in modes A, B, and C will 
give rise to distinct 3-fold coincidence if they are in the GHZ- 
states |<E>Q ) or |"1>q ). 



photons. Yet, the theoretical success rate of this scheme 
is still 50%. There are several theoretical proposals (e.g., 
see Scully et al, 1999; DelRe et al, 2000; Vitah et al, 
2000; Lloyd et al, 2001) for complete Bell-state mea- 
surement relevant to photonic manipulation. Complete 
Bell-state measurement was realized for ions (Riebe et 
al, 2004; Barrett et al, 2004), and for photons (Kim, 
Kulik, and Shih, 2001) using nonlinearity and can also 
be performed prababilistically with linear optics, as real- 
ized by Zhao et al. (2005b), and by Walther and Zeihnger 
(2005). Another novel route is the hyper- entanglement 
assisted Bell-state analysis (Kwiat and Weinfurter, 1998; 
Walborn et al, 2003b), which has been experimentally 
realized (Schuck et al, 2006). 

2. GHZ-state analyzer 

The above scheme can directly be generalized to the 
TV-particle case. Making use of its basic idea, one can 
easily construct a type of GHZ-state analyzer (Pan and 
Zeilinger, 1998) by which one can immediately identify 
two of the 2^ maximally entangled GHZ states. 

For example, in the case of three identical photons, the 
eight maximally entangled GHZ states are given by 



1*0^) 


= ^{\H)\H)\H)±\V)\V)\V)), 


(81) 




= ^i\V)\H)\H)±\H)\V)\V)), 


(82) 




= ^m\V)\H)±\V)\H)\V)), 


(83) 




= ^m\H)\V)±\V)\V)\H)), 


(84) 



where designates the GHZ states where the polar- 

ization of photon i is different from the other two. Con- 
sider now the setup of Fig. [12] and suppose that three 
photons enter the GHZ analyzer, each one from modes 
A, B and C, respectively. A suitable arrangement can be 



realized such that the photon coming from mode A and 
the one coming from mode B overlap at PBSab and, thus 
they are correspondingly transformed into mode 1 and 
into mode BC. Let us further suppose that the photons 
from mode BC and mode C overlap each other at PBSsc- 
Thus, following the above demonstration for the case of 
the Bell-state analyzer, it is easy to find that one can 
observe three-fold coincidence between modes 1, 2 and 3 
only for the state of Eq. ((8T|l . For the other states, there 
are always two particles in the same mode. We can thus 
distinguish the two states -^{\H)\H)\H) ± \V)\V)\V)) 
from the other six GHZ states. 

Furthermore, after the states of Eq. ([STjl pass through 
the HWP, using three-fold coincidence we can readily 
identify the relative phase between states \H)\H)\H) and 
1^)1^)1^)- This is because only the initial state |$o) 
leads to coincidence between detectors Dhi, ^h2 and 
Bh3 (or H1V2V3, V1H2V3, V1V2H3). On the other hand, 
only the state |$q ) leads to coincidence between detec- 
tors Dhi, T)h2 and Dyg (or H1V2H3, V1H2H3, V1V2V3). 
Consequently, states \^^) are thus identified by coinci- 
dences between all three output modes 1,2, and 3. They 
can be distinguished because behind the half- wave plates 
\^q) results in one or three horizontally, and zero or two 
vertically polarized photons, while \^q) results in zero 
or two horizontally polarized photons and one or three 
vertically polarized ones. 

The GHZ-state analyzer has many possible applica- 
tions. For example, the three photons entering via the 
modes A, B and C, respectively, could each come from 
one entangled pair. Then projection of these three pho- 
tons using the GHZ-state analyzer onto the GHZ state 
\^q) or implies that the other three photons emerg- 
ing from each pair will be prepared in a GHZ state. It 
is clear that the scheme can readily be generalized to 
analyze entangled states consisting of more than three 
photons by just adding more PBSs and half-wave plates. 

Finally we would like to note that in all these schemes 
the principle of quantum erasure (Scully et al, 1991) 
has been used in a way that, behind the Bell- and 
GHZ-state analyzer, at least some of the photons reg- 
istered cannot be identified anymore as to which source 
they came from. This implies very specific experimental 
schemes, because the particles might have been created 
at different times. Practical quantum erasure has been 
successfully used in the experiments on quantum tele- 
portation (section IVII.Bp , entanglement swapping (sec- 
tion IVII.Cp and multi-photon entanglement (see espe- 
cially section IV.E.ip . 



VI. FALSIFICATION OF REALISTIC WORLD VIEW 

The initial atomic-cascade experiments testing Bell's 
inequalities (Freedman and Clauser, 1972; Aspect et al, 
1982a, 1982b) falsified Bell's inequalities as constraints 
on correlations of microsystems-thus a local realistic 
world- view was challenged. However, this falsification 
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was up to certain loopholes-which are due to experimen- 
tal imperfections, and still allow to build local realistic 
models for the data obtained in the experiments (alas, 
not for ideal quantum predictions). There are two prin- 
cipal loopholes. Locality loophole is present in experi- 
ments which do not have random and fast switching of 
the local measurement settings. In such a case one of 
the assumptions behind Bell inequalities-independence 
of Alice's results on Bob's settings, and vice versa-is not 
enforced. Efficiency loophole emerges due to low collec- 
tion and detection efficiency of the particles in Bell test 
since in such a case for qubits one has three possible lo- 
cal outcomes, ±1 or no count; for efficiency lower than 
about 83% [see, e.g., (Garg and Mermin, 1987; Eberhard, 
1993)] one can show that one cannot derive (generalized) 
CHSH-type inequality that is violated by quantum pre- 
dictions. 

The Aspect et al. experiments addressed the locality 
loophole, by including fast switching of local polariza- 
tion analyzers (via acousto-optical modulators). Weihs 
et al. (1998) and Peng et al. (2005) addressed the lo- 
cality loophole with more refined techniques which also 
included random switching. Meanwhile, there were many 
ideas to close the detection loophole, see, e.g., (Eberhard, 
1993; Kwiat et al, 1994; Simon and Irvine, 2003). The 
detection loophole was closed in an ion-trap experiment 
by Rowe et al. (2001). However, this experiment had big 
problems with the locality loophole. 

An important line of research was opened once the 
drastic non-classicality of the GHZ multiparticle corre- 
lations was discovered. Thus, there is a series of exper- 
iments which test local realism with such correlations- 
here one more problem was to be solved-one does not 
have physical processes that lead directly to GHZ corre- 
lations. Thus new quantum engineering methods had to 
be invented and applied. We shall concentrate here on 
such multi-photon experiments; however, we shall also 
present some two-photon experiments from the last ten 
years. 



A. Testing Bell's inequalities with photons 

To close the locality loophole, one must freely and 
rapidly choose the directions of local analyzers, and to 
register the particle, in such way that it is impossible 
for any information about the setting and the detection 
to travel via any (possibly unknown) causal channel to 
the other observer before he, in turn, chooses the set- 
ting and finishes measurement (Fig. I16p . Selection of 
analyzer directions has to be completely unpredictable. 
This necessitates a physical random number generator. 
A numerical pseudo-random number generator would not 
do: its state at any time is predetermined. Furthermore, 
to achieve a complete independence of both observers, 
one should avoid any common context, as would be con- 
ventional use of coincidence circuits. Individual events 
should be registered on both sides completely indepen- 
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FIG. 16 Spacetime diagram of the Bell experiment by Weihs 
et al. (1998). Selecting a random analyzer direction, setting 
the analyzer, and finally detecting a photon constitute the 
measurement process. This process on Alice's side must fully 
he inside the shaded region which is invisible to Bob's during 
his own measurement. For the present setup this means that 
the decision about the setting has to be made after point "X" 
if the corresponding photons are detected at spacetime points 
"Y" and "Z", respectively. In the experiment the measure- 
ment process (indicated by a short black bar) including the 
choice of a random number took less than only one-tenth of 
the maximum allowed time. The vertical parts of the kinked 
photon world lines emerging from the source represent the 
fiber coils at the source location, which are obviously irrele- 
vant to the locality argument. 



dently, and compared only long after the measurements 
are finished. This requires independent and highly accu- 
rate time bases on both sides. 

The above requirements were experimentally realized 
by Weihs et al. (1998) and Peng et al. (2005). In the 
former, the observers "Alice" and "Bob" (Fig. \17\ were 
spatially separated by 400 m across the Innsbruck univer- 
sity science campus. The individual measurements were 
finished within a time shorter than 1.3 /iS, which is the 
the distance of the two observation stations in light sec- 
onds. The polarization entangled photon pairs were dis- 
tributed to the observers through optical fibers. A typical 
observed value of of the left hand side of the CHSH in- 
equality was 2.73±0.02. In 10 s 14 700 coincidence events 
were collected. This corresponds to a violation of the lo- 
cal realistic threshold of 2 by 30 standard deviations. In 
the Hefei experiment, the polarization entangled photon 
pairs were distributed in free space to Alice and Bob sta- 
tions, which were spatially separated by 10.5 km. The 
measured result of 5*8011 is 2.45 ± 0.09. The violation of 
the Bell-CHSH inequality was by 5 standard deviations. 



B. GHZ paradox in the laboratory 

In a series of experiments the GHZ correlations have 
been realized with visibility high enough to allow one to 
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FIG. 17 One of the two observer stations. A random num- 
ber generator is driving the electro-optic modulator. Silicon 
avalanche photodiodes are used as detectors. A "time tag" is 
stored for each detected photon together with the correspond- 
ing random number "0" or "1" and the code for the detector 
or "-" corresponding to the two outputs of the polarizer. 
See Weihs et al. (1998). 



refute the notion of EPR's elements of reality (modulo 
the usual loopholes). 



1. Three-photon test 

The standard reasoning of the GHZ theorem using the 
three-photon GHZ entangled state was given earlier. The 
laboratory realization of the GHZ paradox was done by 
Pan et al. (2000). The aim of the experiment was to get 
the following state 

|A) = -^m, \H), \H), + \V), \V), \V),) , (85) 

and to demonstrate that the (necessarily imperfect) GHZ 
correlations violate local realism. Thus, one has to 
achieve multiphoton interference with high enough vis- 
ibility. 

The GHZ state ((85)) satisfies the eigenequations as 



xihh |A) = - |A) , yiiays |A) = - |A) , 
ymxs |A) = - |A) , £1^2*3 |A) = |A) , 



(86) 



where x denotes the observable discriminating between 
|45°) and |135°) polarizations, whereas y discriminates 
between heft and right circular polarizations. In both 
cases the ascribed eigenvalues are, respectively, 1 and 
-1. 

Thus, the demonstration of the conflict between local 
realism and quantum mechanics for GHZ entanglement 
consists of four experiments. The experimental values for 
Xiy2y3, yiX2y3, and yiy2X3 in the experiment followed 
the values predicted by quantum physics in a fraction 
of 0.85 ± 0.04 of all cases. Then the X1X2X3 experiment 
was performed with results shown in Fig. 1181 The experi- 
mental results confirmed the quantum predictions, within 
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FIG. 18 Predictions of quantum mechanics (a) and of local 
realism (b), and observed results (c) for the £1X2X3 experi- 
ment of Pan et al. (2000). 



an experimental uncertainty. Since the average visibility 
of (71 ±4)% in these experiments clearly surpasses the 
minimum of 50%, necessary for a violation of local real- 
ism in three-particle GHZ experiments (Mermin, 1990b; 
Roy and Singh, 1991; Zukowski and Kaszlikowski, 1997; 
Ryff, 1997), the observed correlations were in clear con- 
flict with local realism (but still leaving the locality and 
detection-efficiency loopholes open), and allow a GHZ- 
type analysis-which directly refutes the EPR concept of 
elements of reality. 



2. Four-photon test 

The realization of a high intensity source of four- 
photon GHZ entanglement (Pan et al, 2001a, see also 
a related experiment by Eibl et al, 2003), allowed Zhao 
et al. (2003a) to report the first four-photon GHZ-type 
laboratory falsification of local realism. The experiment 
provided a sufficient experimental evidence for the ex- 
istence of genuine four- photon entanglement. The ob- 
served correlations can be linked with the following state 
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For this GHZ experiment, the optimal two-setting-per- 
observer Bell inequality is the one by Ardehali (1992). 
Namely, for the Bell operator 

A = ^{xiX2X3 - xiy2y3 + yiX2m + Viy2xi){aa + o-fc) 

+ ]^{VlV2h + ^12/2^3 + ^1*2^3 - VlX2Xz){cra ~ ^b) , 



where <To = + y) = v) correspond to 

measurements of two (orthogonal) pairs of elliptic polar- 
izations, one can find the following local realistic bound 



(A) 



local rcalif 



< 2. 



(89) 



This was found to be violated, as 



(A) 



measured data 



4.433 ± 0.032. This is a violation of the inequality 
by over 76 standard deviations. Note that the experi- 
ment involved the measurement settings different from 
the three-particle one. 

Quantum mechanics predicts the maximal violation 
of the inequality ((89|) by a factor of 2\/2. Hence, the 
threshold visibility to violate (|89p is given by the inverse 
of this factor: 1/2^2 ~ 35.4%. The average visibility 
observed in the experiment, 78.4%, greatly exceeds the 
threshold. Further, it was shown (Uffink, 2002; Seevinck 

and Svetlichny, 2002; Yu et al, 2003) that if (A) > 4, 

which was the case, one has an unambiguous evidence 
for genuine four-particle entanglement (such value is in- 
explicable by any hybrid model using 3 or less photon 
entanglement). 



C. Two-observer GHZ-like correlations 

One may ask: Can the conflict between quantum me- 
chanics and local realism arise for two-particle systems, 
for the definite predictions, and for the whole ensemble? 
Namely, can the GHZ reasoning be reduced to a two- 
party (thus two space-like separated regions) case while 
its all-versus-nothing feature is still retained? If so, one 
can then refute local realism in the simplest and the most 
essential irreducible way. Further, since the EPR reason- 
ing involved only two particles, such a refutation would 
be an even more direct counterargument against the EPR 
ideas than the three-particle one. 

In a recent debate (Cabello, 2001a, 2001b, 2003; 
Lvovsky, 2002; Marinatto, 2003; Chen et al, 2003) it 
has been shown that an all-versus-nothing violation of 
local realism does exist for two-particle four-dimensional 
entangled systems (Chen et al, 2003). In this new refu- 
tation of local realism, one recovers EPR's original sit- 
uation of two-party perfect correlations, but with much 
less complexity. However, this becomes possible with a 
new approach for defining elements of reality, which nev- 
ertheless strictly follows the EPR criteria (Chen et al, 
2003). 
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FIG. 19 Experimental setup for testing the Leggett-type in- 
equality (|47|) As usual, the required polarization-entangled 
singlet state |*">as = ^ [\H)a\V)b - \V)a\H)b] was gen- 
erated by pumping 2-mm-thick type-II BBO crystal with a 
pulsed frequency- doubled Ti:sapphire laser (180 fs) at A = 395 
nm wavelength and "150 mW optical c.w. power. The arrows 
in the Poincare spheres indicate the measurement settings of 
Alice's and Bob's polarizers for the maximal violation of in- 
equality (|47[l . Note that setting b2 lies in the y-z plane and 
therefore a quarter-wave plate has to be introduced on Bob's 
side. The coloured planes indicate the measurement direc- 
tions for various difference angles Lp for the Leggett-type and 
CHSH inequalities. (Groblacher et al, 2007) 



A crucial point of the two-observer GHZ-like theorem 
is the use of a two-photon hyper-entanglcmcnt (Chen et 
al, 2003). Due to the specific properties of the hyper- 
entanglement, nine variables for each party can be re- 
garded as simultaneous EPR elements of reality. The 
nine variables can be arranged in three groups of three, 
and the three variables of each group can be measured 
by one and the same apparatus. This eliminates the ne- 
cessity of an argument based on non-contextuality as it 
is not necessary to assume any of these variables to be 
independent of experimental context. 

After successfully creating a two-photon hyper- 
entangled state in Eq. (|7T|) , see section IV. Bl Yang et 
al (2005; see also a slightly oversimplified version by 
Cinelli et al, 2005) experimentally demonstrated the 
two-photon hyper-entanglement GHZ-type paradox. The 
actual experimental configuration was suggested by Chen 
et ai (2003), and it involves only linear optics. 



D. Experimental test of a nonlocal realism 



The Leggett-type inequality (see section lTV.E[) refuting 
certain nonlocal realistic theories was tested very recently 
by Groblacher et al (2007) using the experimental setup 
shown in Fig. 1191 In the experiment Groblacher et al 
observed maximal coincidence count rates (per 10 s), in 
the H/V basis, of around 3,500 with single count rates 
of 95,000 (Ahce) and 105,000 (Bob), 3,300 coincidences 
in the ±45° basis (75,000 singles at Ahce and 90,000 at 
Bob), and 2,400 coincidences in the R/L basis (70,000 
singles at Alice and 70,000 at Bob). The reduced count 
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FIG. 20 Experimental violation of the inequalities for non- 
local hidden-variable theories and for local realistic theories, 
(a) Dashed line indicates the bound of inequality (|47|) for the 
investigated class of nonlocal hidden- variable theories. The 
solid line is the quantum theoretical prediction reduced by 
the experimental visibility. The shown experimental data 
were taken for various difference angles ip (on the Poincare 
sphere) of local measurement settings. The bound is clearly 
violated for 4° < ip < 36°. Maximum violation is observed 
for 'fimax ~ 20°. (b), At the same time, no local realistic the- 
ory can model the correlations for the investigated settings 
as the same set of data also violates the CHSH inequality. 
The bound (dashed line) is overcome for all values (p around 
fmax, and hence excludes any local realistic explanation of 
the observed correlations in (a). The solid line is the quan- 
tum prediction for the observed experimental visibility. Error 
bars indicate standard deviations. (Groblacher et at, 2007) 



rates in the R/ L basis are due to additional retarding el- 
ements in the beam path. The two-photon visibilities are 
approximately 99.0 ± 1.2% in the H/V basis, 99.2 ± 1.6% 
in the ±45° basis and 98.9±1.7% in the R/L basis, which 
is the highest reported visibility for a pulsed SPDC entan- 
glement source. Such a high two-photon visibility is well 
beyond the threshold of 97.4% which is required for test- 
ing the Leggett-type inequality. So far, no experimental 
evidence against the rotational invariance of the singlet 
state exists, and as such the rotation averaged correla- 
tion functions in inequality (|47|) was replaced with their 
values measured for one pair of settings (in the given 
plane) . 

Figure [201 summarizes the experimental violation of 
the inequalities for nonlocal hidden- variable theories (the 
Leggett-type inequality) and for local realistic theories 
(the CHSH inequality). The observed Snlhv = 3.8521± 
0.0227, which violates inequality ([T7|) by 3.2 standard 
deviations. At the same time, Schsh — 2.178 ± 0.0199, 
which violates the CHSH inequality by ~9 standard devi- 
ations. The Groblacher et al. experiment thus excluded 
a class of important nonlocal hidden- variable theories. 



E. Quantum vs. noncontextual hidden variables 

As it was explained earlier the Bell-Kochen-Specker 
theorem (Bell, 1966; Kochen and Specker, 1967) states 
that noncontextual hidden-variable theories are incom- 
patible with quantum mechanics. So far, two groups re- 
ported experimental results (Michler et al, 2000a; Huang 



et al, 2003) pointing toward falsification of noncontex- 
tual hidden-variable theories. In particular, following an 
experimentally feasible scheme suggested by Simon et al 
(2000) the experiment by Huang et al was performed 
with a single individual system (i.e., a single photon car- 
rying path and polarization information) . Also the actual 
realization of the experiment by Cinelli et al (2005), 
mentioned above, puts it into the class of tests of non- 
contextual hidden variables. 



VII. QUANTUM COMMUNICATION 

Quantum communication ultimately aims at abso- 
lutely secure transfer of classical or quantum informa- 
tion. As the fastest information carrier in nature, pho- 
tons, with very weak coupling to the environment, are 
the obvious choice for quantum communication tasks, 
epecially the long-distance ones. Hence, the ability of 
manipulating the quantum features (such as coherence 
and entanglement) of photons is a precious resource. 

We will review several breakthroughs in the field of 
quantum communication^'^. By exploiting entanglement 
one can efficiently encoding classical messages (Bennett 
and Wiesner, 1992; section |VII.A|1 . transfer quantum in- 
formation to a remote location (Bennett et al, 1993; 
section |VII.B[) . entangle two remote particles that have 
no common past (Zukowski et al, 1993; section IVII.Cp . 
and purify less entangled states of a larger ensemble into 
more entangled states of a smaller ensemble (Bennett et 
al, 1996b; Dcutsch et al, 1996; Pan et al, 2001b; sec- 
tion |VILD]). 

Needless to say, one of the ultimate dreams is long- 
distance or even global (lO^-lO'* km) quantum commu- 
nication. As a combination of the ideas of entanglement 
purification and swapping, the quantum repeater pro- 
tocol (Briegel et al, 1998), see section IVlLEl provides 
a way of beating decoherence and photon losses when 
attempting to create remote high-quality entanglement. 
Thus, it enables long-distance quantum communication. 
In section I VII. F I we discuss the road towards satellite- 
based quantum communication and its first step, i.e., 
free-space distribution of entangled photon pairs to the 
mutual distance of 10 km, which are well beyond the ef- 
fective thickness of the aerosphere. 



A. Quantum dense coding 

One can encode two bits on two qubits in such a way 
that each qubit carries a sigle bit. For qubits represented 
by polarization states of two photons one may have: HH, 
HV, VH, and VV . The idea of quantum dense coding, 



Except quantum cryptography, which has been extensively re- 
viewed by Gisin et al. (2002) 
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FIG. 21 Experimental set-up for quantum dense coding (Mat- 
tie et al, 1996). 



with techniques presented in the previous sections. In 
the Innsbruck experiment, two (iV'^)yis) out of the four 
Bell states could be distinguished and as such, transmis- 
sion of three different messages per two-state photon was 
realized, enabling an increase of the channel capacity 
to log2 3 ~ 1.58 bits. 

In a more recent experiment, Schuck et al. (2006) re- 
alized a complete deterministic linear-optical Bell-state 
analyzer with the help of hyper-entanglement (polariza- 
tion entanglement plus the intrinsic time-energy entan- 
glement in SPDC). With this new possibility, the dense 
coding protocol was then implemented and achieved a 
channel capacity of 1.18 ± 0.03 bits per photon, which 
still can be increased by appropriate coding. 



introduced by Bennett and Wiesner (1992) is that, by 
manipulating only one of the two particles in a Bell state, 
one can encode two bits of information. 
The procedure runs as follows: 

Step 1. Sharing maximal entanglement. A maximally 
entangled qubit pair (say, in the state \^~^)ab) is first 
shared by Alice and Bob (Fig. [^Tjl . They agree in ad- 
vance that \iP~)ab, \<i>~)AB, \(t)'^)AB, and \'iP'^)ab (say) 
respectively represent the binary numbers GO, 01, 10, and 
11. 

Step 2. Coding of message. According to the value 
Bob wants to transmit to Alice, Bob performs one out of 
four possible unitary transformations (identity operation 
/, X, y, and z) on his qubit B alone. ^'^ The four opera- 
tions transform, in an one-to-one way, the original state 
\iP+)ab, respectively, into 14!+) ab, \(j)+)AB, \4'~)ab, and 
\''P~}ab- One has four distinguishable messages. Once 
this is done, he sends his qubit to Alice. 

Step 3. Decoding of message. Upon reception. Bob 
performs the Bell-state measurement, hence reads out 
the encoded information. 

The overall effect of the quantum dense coding thus 
doubles the information capacity of the transmission 
channel, while actually one sends only one physical qubit. 
This more efficient way of coding information is to be 
contrasted with the Holevo (1973) result that maximum 
one bit can be encoded on a single qubit in isolation. 
Entanglement allows to encode information entirely in 
the relative properties of the pair of qubits, i.e. their 
correlations. 

The first experimental realization of quantum dense 
coding was reported by the Innsbruck group (Mattle et 
al, 1996). The preparation of the polarization entan- 
gled photon pairs, the single-qubit operations at Bob's 
station, and Alice's Bell-state analyzer can all be done 



The operations are represented here by Pauli matrices. They are 
not only hermitian, but also unitary. We use here a shorthand 
notation, Ox = x etc. It is assumed that the "computational" 
basis is the basis of z. 



B. Quantum teleportation 

The fascinating possibility of quantum teleportation 
was discovered by Bennett, Brassard, Crepeau, Jozsa, 
Peres, and Wootters (1993). Quantum teleportation is 
indeed not only a critical ingredient for quantum compu- 
tation (Gottesman and Chuang, 1999; Knill, Laflamme, 
and Milburn, 2001) and communication, its experimen- 
tal realization allows new studies of the fundamentals of 
quantum theory. In this section we survey the experi- 
mental realizations"'^ (Bouwmeester et al, 1997; Boschi 
et al, 1998; Pan et al, 1998, 2003a; Zhao et al, 2004; 
Zhang et al, 2006c) of quantum teleportation with pho- 
tonic qubits and the related experimental "tricks" . 



1. The protocol 

The idea of quantum teleportation is illustrated in the 
Fig- [221a). Suppose a photon (or any other particle) 1, 
the state of which Alice wants to teleport to Bob, is in 
a general polarization state |x)i = Oi\H)i -\- (i\V)i (un- 
known to Alice). The trivial idea that Alice performs 
certain measurement on by which she would obtain 
all the information necessary for Bob to reconstruct the 
state is ruled out: an experiment on qubit can give one 
only one bit of information. Enough to determine which 
state can be ruled out, but insufficient to reconstruct the 
actual state - to this end we need infinitely many mea- 
surements on identical copies of the state. The projection 
postulate makes it impossible to fully determine the state 
of a single quantum system. The no-cloning principle ex- 



The states \ip ) ab carried two different values, while \(f> )ab 
the third. 

Experimental advances with physical systems other than pho- 
tonic qubits include quantum teleportation of continuous- 
variable states (Furusawa et al, f998), the complete quantum 
teleporation using nuclear magnetic resonance (Nielsen, Knill, 
and Laflamme, f998), and deterministic quantum teleportation 
with atoms (Riebe et al, 2004; Barret et al, 2004). 
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FIG. 22 (a) Principle of quantum teleportation. Alice has 
particle 1, in an initial state which she wants to teleport to 
Bob. Alice and Bob also share an ancillary entangled pair 
of particles 2 and 3 emitted by an EPR source. Alice then 
performs a Bell-state measurement on the initial particle and 
one of the ancillaries, projecting them also onto an entangled 
state. After she has sent the result of her measurement as 
classical information to Bob, he can perform a unitary trans- 
formation (U) on the other ancillary particle resulting in it be- 
ing in the state of the original particle, (b) Setup of the Inns- 
bruck teleportation experiment (Bouwmeester et al, 1997). A 
pulse of ultraviolet light passing through a non-linear crystal 
creates the ancillary pair of entangled photons 2 and 3. Af- 
ter retroflection during its second passage through the crystal 
the ultraviolet pulse creates another pair of photons, one of 
which will be prepared in the initial state of photon 1 to be 
teleported, the other one serves as a trigger indicating that 
a photon to be teleported is under way. Alice then looks for 
coincidences after a BS where the initial photon and one of 
the ancillaries are superposed. Bob, after receiving the clas- 
sical information that Alice obtained a coincidence count in 
detectors fl and f2 identifying \tp~)i2, knows that his photon 
3 is in the initial state of photon 1 which he then can check 
using polarization analysis with the PBS and the detectors dl 
and d2. The detector P provides the information that photon 
1 is under way. 



eludes the possibility to have more high-fidelity copies 
than the original one. 

Still, according to Bennett et al. there is a way out. 
Suppose that an ancillary pair of photons 2 and 3 is 
shared by Alice and Bob, and it is in the polarization 
entangled state | ■(/'") 23- The entire system, comprising 
Alice's unknown particle 1 and the entangled pair, is in 
a product state, |x)i|V'~)23- By expanding the state of 



Alice's particles 1 and 2 in the Bell basis one has 

lx>i|^->23 = ^U-),,i-a\H),-(]\V),) 

+ |r>i2(«|l^>3+/^l^>3) ^ ' 
+ \^+),^ {a\V),-P\H),)]. 

Now, if Alice performs a Bell-state measurement on her 
two particles, with respect to the above basis, then the 
four possible outcomes are equally likely regardless of the 
unknown state \x)i- However, once particles 1 and 2 are 
projected into one of the four entangled states, particle 
3 is instantaneously projected into one of the four pure 
states in Eq. ((90|) . They can be rewritten into the fol- 
lowing form 

-|X>3. -^Ix>3' *lx)3> xzlx)^, (91) 

where the hatted symbols represent the respective Pauli 
operators, which act as unitary transformations. Each of 
these possible resultant states for Bob's particle 3 is re- 
lated in a one-to-one way to the original state which 
Alice wants to teleport. In the case of the first (singlet) 
outcome, the state of particle 3 is the same as the initial 
state of particle 1 except for an irrelevant phase factor, 
so Bob does not need do anything further to produce 
a replica of Alice's unknown state. In the other three 
cases. Bob could accordingly apply one of the unitary 
transformations in Eq. (PT|) to convert the state of parti- 
cle 3 into the original state of particle 1, after receiving 
via a classical communication channel a two-bit informa- 
tion on which of the Bell-state measurement results was 
obtained by Alice. After Bob's unitary operation, the fi- 
nal state of particle 3 becomes an exact replica of Alice's 
unknown state, \x)i- The same state of Alice's particle 
1 is irrecoverably erased by the Bell-state measurement. 
The Bell-state measurement does not reveal any infor- 
mation on the properties of any of the particles prior to 
the measurement. This is the very reason why quantum 
teleportation using entanglement works, while any mea- 
surement on one-particle superpositions would fail. This 
is why quantum teleportation escapes the verdict of the 
no-cloning theorem. 

The transfer of quantum information from particle 1 
to particle 3 can happen over arbitrary distances. In this 
process it is even not necessary for Alice to know where 
Bob is. Furthermore, as quantum teleportation is a lin- 
ear operation applied to |x)ij it works for mixed states or 
entangled states as well; the initial state \x)i can be com- 
pletely unknown not only to Alice but to anyone. Here 
a fascinating case it that \x)i could even be quantum 
mechanically completely undefined at the time the Bell- 
state measurement takes place. This is the case when, 
as already remarked by Bennett et al. (1993), particle 1 
itself is a member of an entangled pair. This ultimately 
leads to entanglement swapping (Zukowski et al, 1993; 
Bose et al, 1998). Quantum teleportation does not vio- 
late causality as two bits of classical information, which 
are sent at a speed not greater than the speed of light, 
are absolutely necessary to conclude the process. 
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FIG. 23 Measured three-fold coincidence rates dlflf2 (-45°) 
and d2flf2 (-1-45°) in the case that the photon state to be 
teleported is polarized at -1-45° (a and b) or at -45° (c and d). 
The coincidence rates are plotted as function of the delay (in 
fj,m) between the arrival of photon 1 and 2 at Alice's BS [see 
Fig- I22f b')]. The three-fold coincidence rates are plotted after 
subtracting the spurious three-fold background contribution. 
These data, together with similar ones for other polarisations, 
confirm teleportation for an arbitrary state. (Bouwmeester et 
al, 1997) 



Generally speaking, the basic criteria (Bouwmeester et 
al., 1999b) to constitute a bona fide teleportation should 
be: (1) the experimental scheme is capable of teleporting 
any state that is designed to teleport, (2) a fidelity bet- 
ter than 2/3 (Massar and Popescu, 1995), (3) for future 
applications, at least in principle, the scheme should be 
extendinble to long-distances. 



2. Experimental teleportation of photonic states 

Figure [22jb) is a schematic of the Innsbruck experi- 
mental setup of Bouwmeester at al. (1997). To demon- 
strate the very principle of teleportation it is sufficient 
to identify one of the four Bell states [here |'0~)-^2j 
the case where particle 3 is instantaneously projected 
into |x)3, see Eq. ([TO)) ].'*^ This is exactly what was ac- 
complished by detecting a two-fold coincidence behind a 
50:50 BS in the Innsbruck experiment. 

To experimentally demonstrate that an arbitrary un- 
known quantum state can be teleported, it is sufficient 
to show that the scheme works for all the mutually or- 
thogonal axes of the polarization (Poincare) sphere. The 
experimental results for teleportation of photon 1 polar- 
ized under -f45° (—45°) is shown in the left (right) col- 



If one chooses to identify only one of the four Bell states, tele- 
portation is successfully achieved in a quarter of the cases. 



umn of Fig. [23l teleportation works for a complete basis 
for polarization states. 

What is the main difficulty in the task of perform- 
ing exprimentally quantum teleportation? The Bell-state 
analysis relies on the interference of two independently 
created photons. One, therefore, has to guarantee behind 
the beamsplitter the information which photon came for 
which source is completely erased. This can be done 
using the methods of Zukowski et al. described in sec- 
tion |V]E?T]'*^ In the Innsbruck teleportation experiment 
UV pulses with a duration of 200 fs were used to cre- 
ate the photon pairs. By using narrow bandwidth filters 
(AA = 4 nm) in front of the detectors registering pho- 
tons 1 and 2, the resulting coherence time of about 500 fs 
can be obtained and is sufficiently longer than the pump 
pulse duration. As it was shown in section IV.E.ll this 
warrants high visibility of the multiphoton interference. 
Furthermore, single-mode fiber couplers acting as spatial 
filters were used to guarantee good mode overlap of the 
detected photons. 



3. Teleportation onto freely propagating qubits 

In the original teleportation experiment teleportation 
events were happening at randon. For teleportation to 
happen the ultraviolet pulse passing through the crys- 
tal must first result in an emission of the ancillary EPR 
pair, and then after reflection must create a pair, which 
is used to prepare the state to be teleported and the trig- 
ger which indicates the presence of this state. However, 
as both processes are spontaneous, this is very rare. In 
most cases only one of the processes occurs. Even worse, 
one may have a double emissions, and a doule emission in 
the second process leads to a the possiblity of an event of 
three fold coincidence in fl-f2-p. This looks like a good 
teleportation event in which Bob failed to detect the tele- 
ported qubit. But this is not the case. Thus Bob can be 
sure that teleportation happened only when he addition- 
ally detects his photon, but..., this leads to its destruc- 
tion**. To remedy this. Pan et al. (2003a) realized an 
experiment in which teleporation events were happening 
with very high probability. This means that the telepor- 
tation process has an undconditional high-fidelity, and 
that after an admissible thhree fold fl-f2-p event one has 
with high probability a copy of the original state at Bob's 
location (that is a "freely propagating qubit" ) . 



To meet the condition of temporal overlap, the emission time of 
photon 2 was varied in small steps by changing the delay between 
the first and the second down conversion event by translating the 
retrofiection mirror [Fig. I22r b')]. 

For this reason, the Innsbruck teleportation experiment has been 
called a "postselected" teleportation (Braunstein and Kimble, 
1998), while the word "conditional" would be more appropriate 
as photon 3 is not selected depending on its state (Bouwmeester 
et al, 1998; Bouwmeester et al, 1999b). 
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Most applications of quantum teleportation include 
the subsequent manipulation of the teleported photon. 
Thus a freely propagating output state, which is tele- 
ported with high fidelity, is strongly desired. Possible 
solutions (Braunstein and Kimble, 1998; Kok and Braun- 
stein, 2000) could include the discrimination of one- and 
two-photon events at detector p [Fig. HH^b)] , a quantum 
non-demolition measurement of the photon number in 
mode 3, or the introduction of an unbalanced coupling 
between modes 1-4 relative to modes 2-3. Due to the lack 
of appropriate technology, none of the proposed schemes 
has so far been realized. 

In the Vienna teleportation experiment (Pan et al, 
2003a), a freely propagating teleported quantum state 
was achieved [see Fig-I^Wb*)]. The main point is to reduce 
the number of unwanted fl-f2 coincidence counts. This 
was accomplished by attenuating the beam 1 by a factor 
of j/p > 200, while leaving the modes 2-3 unchanged. 
Then a three-fold coincidence fl-f2-p occurs with prob- 
ability due to successful teleportation and with sig- 
nificantly lower probability (7p)^ one has a spurious co- 
incidence. Thus, for sufficiently low 7 it is not necessary 
anymore to actually detect the teleported photon 3 and 
a freely propagating teleported beam of qubits emerges. 
In essence, the entangled ancillary pair is provided much 
more frequently than the photon to be teleported. Thus 
when a qubit which is to be teleported arrives the tele- 
portation machinery is almost always ready. 

To demonstrate a non-conditional teleportation, a se- 
ries of neutral filters were inserted in mode 1 to show 
that the probability of a successful teleportation condi- 
tioned on an fl-f2-p three-fold coincidence increases with 
decreasing filter transmission 7. The experimental data 
indeed shows that probability of success increases with 
decreasing 7. The preparation of a freely propagating 
teleported quantum state was shown to have a high (non- 
conditional) fidelity of 0.85±0.02, which is well above the 
classical limit 2/3. 



4. Teleportation of a qubit encoded in one of EPR particles 

The quantum teleportation scheme presented above al- 
lows a state carried by a particle that arrives at Alice's 
station to be teleported with the use of an independently 
created EPR pair of two auxiliary particles. In this three- 
particle protocol the quantum state of the initial particle 
does not have to be specified in any way. However, if the 
quantum state that Alice wishes to transfer is prepared 
by some device that performs a unitary operation on a 
given input particle prepared in a "blank" state (such a 
device could be, for example, a quantum computer) there 
is a way to perform the transmission of the quantum state 
from Alice to Bob using only a two-particle protocol, by 
utilizing one of the EPR particles as the carrier of the 
qubit which is to be teleported. This protocol has been 
proposed by Popescu (1995) and was experimentally re- 
alized in Rome (Boschi et al, 1998). As the protocol 




FIG. 24 Experimental setup for the "two-particle scheme" of 
quantum teleportation (Boschi et al, 1998). 



does not involve interference of photons from two sep- 
arate emissions, only the EPR pair is manipulated, it 
avoids many difhculties. For instance, it is very easy to 
perform a full Bell-state meaurement. However, if one 
aims at teleporting a state of an indepenedent qubit, one 
would have to somehow transfer its state into the Alice's 
particle of the EPR pair. 

The main idea (see the experimental setup in Fig. 
is to use both the spatial and polarization degrees of free- 
dom of photons. One emulates the particle which carries 
the to-be-teleported-qubit with the use of an additional 
degree of freedom of an EPR paricle sent to Alice. The 
first step is to produce two EPR photons entangled in 
their directions of propagation, i.e., entangled in momen- 
tum, but each with a well-defined polarization. Thus one 
starts with 

-^{\a,)\a,) + \b^)\h))\H)^\Vh. (92) 

The area in Fig.[24]indicating the EPR source shows how 
this can be achieved. On the way to Alice photon 1 is 
intercepted by the Preparer P who changes the polariza- 
tion from H to an arbitrary quantum superposition 

\x)i^a\H),+p\V)i. (93) 

This is the quantum state that Alice will transmit to 
Bob. The Preparer affects the polarization in both paths 
ai and bi in the same way. The total state |<I>) of the two 
photons is now 

m = (|ai)i|a2)2 + \bi)i\b2)) \x)i\V)2 • (94) 

which is a formal analogue of the initial state in Eq. (|90p . 

Next, Alice performs a Bell-state measurement on her 
(single) particle. The four "Bell states" are represented 
by the following correalted polarization-path states of the 
photon: 

\^P^)^ = ^i\a,),\V)^±\b^),\H)^), 

|0±)^ = i=(|ai)i|y)i±|6i)i|i?)i). (95) 
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The measurement of photon 1 with respect to this basis 
can in principle be achieved with 100% sucess rate (A 
photon detection by Di, D2, -D3, or D4 corresponds di- 
rectly to a projection onto one of the four Bell states; see 
Fig. [Ml). 

Since, in terms of the four single-photon Bell states, 
one has 

= ^[|V5+)i(/3|a2)+a|62))|iJ)2 

+ \ib-)^{a\a2)+(3\b2))\H)2 

+ \4>+)^{a\a2)~P\b2))\H)2 

+ \4>-),{P\a2)-a\b2))\H)2., (96) 

the final step of the protocol is that Alice informs Bob 
which detector clicked. With this information Bob can 
reproduce the inital polarization state by transforming 
the momentum superposition of photon 2 (see Eq. ([96]) ) 
into the same superposition in polarization, and next ap- 
plying the polarization transormations which represent 
the unitary corrections, which depend on the two-bit in- 
formation sent by Alice, needed to reproduce the tele- 
ported state. 

5. Various approaches to teleportation 

It is fair to say that each teleportation experiment 
has its own advantages and disadvantages [for a compar- 
ison between various methods, see Bouwmeester et al. 
(1999b)]. Quantum teleportation of continuous- variable 
states (Furusawa et al, 1998) is hard to extend to the 
long-distance case, because of the unavoidable dispersion 
of squeezed-states during the distribution of entangle- 
ment. This consequently leads to a fast degrading of 
the quality of squeezed-state entanglement. Quantum 
teleporation using nuclear magnetic resonance (Nielsen 
et al, 1998) or atoms (Riebe et al., 2004; Barret et al., 
2004) has an obvious advantage in that the input quan- 
tum state can be, in principle, teleported with an effi- 
ciency of 100%. Yet, it is difficult (if not impossible) 
implement it over long distances. An essential criterion 
of teleportation is to be able to teleport any independent 
quantum state coming from outside. This is obviously 
not possible in the Rome experiment, where the initial 
photon has to be entangled from the beginning with the 
final one. The Innsbruck teleportation technique with its 
later imprvements enables one to aim at a long-distance 
teleportation (Marcikic et al, 2003; Ursin et al, 2004) 
and more complicated schemes (Zhao et al, 2004; Zhang 
et al, 2006c). 

6. More involved teleportation schemes 

a. Open-destination quantum teleportation A more in- 
volved scheme in multi-party quantum communication 
is the so-called open-destination teleportation (Karlsson 




FIG. 25 The basic idea of open-destination teleportation 
(Zhao et al, 2004) 



and Bourennane, 1998). An unknown quantum state of a 
single particle is first teleported onto a A^-particle coher- 
ent superposition. At a later stage the teleported state 
can be readout at any of the N particles, by performing 
a projection measurement on the remaining A'^ — 1 parti- 
cles. Such a teleportation scheme was demonstrated for 
= 3 by Zhao et al. (2004). This was the first experi- 
ment in which one was able to manipulate five photonic 
qubits. 

Figure [25] shows the basic idea. A GHZ entanglement 
source emits a four-photon maximally entangled state, 
say, 

|<i')2345 = ^ (|H)2|i/)3|i^)4|i/)5 + | V^)2 1 ^)3 | ^)4| 1^)5) 

(97) 

Photon 1 is in an unknown polarization state |x)i = 
a\H)i+ (3\V)i. By performing a joint Bell-state measure- 
ment on photons 1 and 2 one can follow the usual telepor- 
tation protocol to transfer the information on the initial 
state of photon 1 to a multi-particle superposition, which 
takes form |x)345 = a\H) ^\H) i\H) ^ + l3\V):,\V)i\V)^. 
This is actually a three-qubit encoding. Moreover, by 
performing later a polarization analysis on any two of 
the three photons 3, 4 and 5 in the 45''/135'' basis one 
can convert the remaining photon into the initial state of 
photon 1. 

In contrast to the original teleportation scheme, after 
the encoding operation the destination of teleportation 
is left open until we perform a polarization measure- 
ment ("decoding") on two of the remaining three pho- 
tons. This implies that, even though photons 3, 4 and 5 
are far apart, one can still choose which particle should 
act as the carrier of the teleportation output. No prior 
agreement on the final destination of the teleportation is 
necessary. 

The required (conditional) four-photon GHZ entangle- 
ment was generated using the techiques of sections fV.E. 21 
and I VI. lO] The measured fidelities of teleportation from 
photon 1 to photon 5 and from photon 1 to photon 4 
for +/— linear and R/ L circular polarization states were 
^ 0.80 ± 0.04, well above the classical limit of 2/3. 
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FIG. 26 Basic idea of two-qubit quantum teleportation 
(Zhang et al, 2006c). 



b. Quantum teleportation of composite two-qubit states 
Teleportation of single qubits, as reviewed above, is in- 
sufficient for certain large-scale realizations of quantum 
information processing. In a recent experiment (Zhang et 
al. , 2006c) , teleportation of two-qubit states was realized 
with a six-photon interferometer. 

In the two-qubit teleportation, Alice wants to send an 
unknown state of a composite system, qubits 1 and 2: 



+ l\V),\H)^^ 



-P\H)i\V)2 
S\V),\V)^ 



(98) 



to a distant receiver. Bob (Fig. [^5]) . Before teleporta- 
tion Alice and Bob share two ancillary entangled photon 
pairs (photon pairs 3-5 and 4-6) which are prepared in 
the Beh state, say, = {\HH) + \VV))/V^. The two- 
qubit teleportation scheme then works as follows: (1) 
Following the standard teleportation protocol, Alice first 
teleports the state of photon 1 to photon 5 by consum- 
ing entangled pair 3-5. The result of this step is |x)52- 
(2) Similarly, Alice can also teleport the state of photon 
2 to photon 6 by consuming entangled pair 4-6. After 
successful implementation of the two steps, the original 
two-qubit state \x)i2 teleported to qubits 5 and 6 in 
|x)5g, realizing the most general two-qubit teleportation. 

The teleportation of two-qubit states was realized by 
teleporting the two photonic qubits individually. Thus, 
neither the two original qubits nor the teleported qubits 
have to be in the same place. Such a flexibility is desired 
in distributed quantum information processing such as 
quantum telecomputation (Grover, 1997) and quantum 
state sharing (Cleve et al, 1999). Moreover, the way of 
teleporting each qubit of a composite system individually 
can be easily generalized to teleport an A^-qubit compos- 
ite system. 

In the two-qubit teleportation experiment (Zhang et 
al, 2006c), to have enough six-photon coincidence rate, 
various efforts (e.g., the high- intensity UV laser and bet- 
ter collection efficiency) were made to significantly im- 
prove the brightness and stability of the entangled pho- 
ton sources. On average 10^ photon pairs per second 



were observed from each EPR source. This is almost 
5 times brighter than the source achieved in the five- 
photon experiment (Zhao et al, 2004). As a result, in 
total 10 six-photon events per minute were registered. 
This is two orders of magnitude higher than any former 
photonic teleportation experiments could have achieved. 

The two-qubit teleportation protocol was implemented 
for three different initial states |A)^ — \H)-^^\V)2, 
\X)b - mi + \V),m), ~t\V),)/2 and \X)c - 
(|7J)i \V)2 - |V^)i \H)2)/V2 = IV'")- The measured fi- 
delity for \X)^ {\X}J is 0.86 ± 0.03 (0.75 ± 0.02). The 
measurement of the fidelity of the \X)^ teleportation 
can be converted into local measurements on individual 
qubits by using the identity 

— -{i — XX — yy — zz). (99) 

Each of these local measurements took about 60 hours. 
And the experimental fidelity of the |A)^ teleportation 
was measured to be 0.65 ± 0.03. All the measured fi- 
delities are well beyond the state estimation limit of 0.40 
(Hayashi et al, 2005) for a two-qubit system. Partic- 
ularly, the fact that the \xc) teleportation has fidelity 
greater than 1/2 alreay proves that there exists entan- 
glement (Bennett et al, 1996b; Horodecki et al, 1997) 
between photon 5 and photon 6 that never interacted be- 
fore. In this sense, the \xc) teleportation can be reinter- 
preted as a two-stage realization of entanglement swap- 
ping. 



C. Entanglement swapping 

As it was mentioned, entanglement swapping 
(Zukowski et al, 1993) provides a method of entangling 
of two particles that never interacted or even have no 
common past. It can also be interpreted as teleportation 
of entanglement, i.e., teleportation of undefined states 
(Bennett et al, 1993). We would like to mention that 
one of the original motivations of entanglement swapping 
is the so called "event-ready detection" of the entangled 
particles, a concept suggested by John Bell (Clauser and 
Shimony, 1978; Bell, 1987). Entanglement swapping, 
together with entanglement purification, is a key element 
of the quantum repeater protocol (Briegel et al, 1998; 
Diir et al, 1999; see also section IVII.EI) and opens up 
a way to speed up the distribution of entanglement for 
massive particles (Bose et ai, 1998). 

Consider the arrangement of Fig. [^Tj We have two 
EPR sources. Assume that each source emits a pair of 
entangled photons in the state, say, so that the to- 
tal state of the four photons is |^)i234 — \'4'~)i2 l^~)34- 
While pairs 1-2 and 3-4 are entangled, there is no en- 
tanglement of any of the photons 1 or 2 with any of the 
photons 3 or 4. Next, one performs a Bell-state measure- 
ment on photons 2 and 3. Due to the expansion 
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FIG. 27 Principle of entanglement swapping. 



Bell Measurement 




FIG. 28 Experimental setup of entanglement swapping (Pan 
et ai, 1998). The entangled photon pairs 1-2 and 3-4, and 
the Bell-state measurement identifying the |V'~)23 state are 
similar to the Innsbruck teleportation experiment. As a con- 
sequence of the Bell-state measurement the two remaining 
photons 1 and 4 will be projected onto an entangled state. 
To analyse their entanglement one looks at coincidences be- 
tween detectors Dl^ and D4, and between detectors Dl~ and 
D4, for different polarization angles O. By rotating the A/2 
plate in front of the PBS one can also analyze photon 1 in 
a different orthogonal polarization basis which is necessary 
to obtain statements for relative polarization angles between 
photons 1 and 4. Note that, since the detection of coinci- 
dences between detectors Dl"'' and D4, and Dl~ and D4 are 
conditioned on the detection of the |V'~)23 state, one is look- 
ing at 4-fold coincidences. Narrow bandwidth filters (F) are 
positioned in front of each detector. 



this measurement always projects photons 1 and 4 also 
onto a Bell state. For example, if the result of the Bell- 
state measurement of photons 2 and 3 is then the 
resulting state for photons 1 and 4 is also lip"). In all 
cases photons 1 and 4 emerge entangled despite the fact 
that they never interacted in the past. In Fig. [27] entan- 
gled particles are indicated by the same line darkness. 
Note that particles 1 and 4 become entangled after the 
Bell-state measurement on particles 2 and 3. 

The process of entanglement swapping also gives a 
means to define that an entangled pair of photons, 1 and 
4, is available. As soon as Alice completes the Bell-state 
measurement on particles 2 and 3, we know that photons 
1 and 4 are on their way ready for detection in an entan- 
gled state. In this way one has the possibility to perform 
an event-ready test of Bell's inequality (Zukowski et al, 
1993). 



Figure [28] is a schematic drawing of the Pan et al. 
(1998) experimental setup. As in the Innsbruck tele- 
portation experiment, only the anti-symmetric Bell-state 
I 23 was identified experimentally. Afterwards, ac- 
cording to the entanglement swapping scheme, photon 1 
and 4 should be projected into the same entangled state 
\ip~)n- This entanglement was verified by analyzing the 
polarization correlations between photons 1 and 4 condi- 
tioned on coincidences between the detectors of the Bell- 
state analyzer. At the variable polarization direction 0, 
the correlations should show two sine curves as a func- 
tion of 8 which are 90° out of phase. The observed sinu- 
soidal behavior (the interference pattern) of the coinci- 
dence rates has a visibility of 0.65 which clearly surpasses 
the 0.5 limit of a classical value. A later experiment (Pan 
et al., 2001a) resulted with visibility of ^ 0.79, which is 
sufficient for violating Bell's inequality for photons 1 and 
4, even though these two photons never interacted di- 
rectly. Such a test was performed by Jennewein et al. 
(2002) and the inequality was violated by the factor of 
1.211 ± 0.045, i.e., by 4.6 standard deviations. 

Experimental entanglement swapping is a further 
demonstration of teleportation, i.e., teleportation of 
quantum mechanically undefined state. A test of Bell's 
inequality involving swapping entanglement has some ap- 
pealing feature, except from being an "event-ready" one. 
We could even perform it in a delayed-choice mode, as 
suggested by Peres (2000) and realized by Jennewein et 
al. (2002). In such an experiment one delays the instant 
of time at which the Bell-state measurement is performed 
on photons 2 and 3. Thus entanglement between photons 
1 and 4 in subensembles associated with a specific result 
for 2 and 3, is revealed, a posteriori, after they have al- 
ready been measured and may no longer exist. 



D. Beating noisy entanglement 

So far, significant experimental progress has been 
achieved only in small-scale realizations of quantum in- 
formation processing. However, serious problems occur 
in bringing quantum information processing to techno- 
logically useful scales. This is primarily due to the un- 
avoidable decoherence [For general aspects on decoher- 
ence, we refer to the excellent reviews (see, e.g., Zurek, 
2003; Schlosshauer, 2004)] caused by the coupling be- 
tween the quantum system and the environment. In 
quantum communication, it is the noisy quantum chan- 
nel that degrades the quality of entanglement between 
two particles the more the further they propagate. Yet, 
the implementation of any of the quantum communica- 
tion schemes (as reviewed above) over large distances re- 
quires that two distant parties share entangled pairs with 
high quality. In addition, during quantum computation 
the coherence of a quantum system also decreases expo- 
nentially with the increase of operation time. This would 
consequently lead to the failure of quantum algorithms. 
It is therefore necessary to overcome the unfavorable de- 
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coherence in any realistic large-scale realization of quan- 
tum information processing. 

The main tool to overcome the noise in the quan- 
tum communication channel is entanglement purifica- 
tion, proposed by Bennett et al. (1996a, 1996b, 1996c) 
and Deutsch et al. (1996). The linear-optical implemen- 
tation of entanglement purification was suggested and 
then experimentally demonstrated by Pan et al. (2001b, 
2003b). Quantum repeaters (Briegel et al, 1998; Diir 
et al, 1999), based on entanglement purification and en- 
tanglement swapping, provide an efficient way to gen- 
erate highly entangled states between two distant loca- 
tions. Remarkably, the quantum repeater protocol toler- 
ates general errors on the percent level, which is reach- 
able using entanglement purification based on linear op- 
tics (Pan et al, 2001b, 2003b). A recent study (Diir 
and Briegel, 2003) shows that entanglement purification 
can also be used to increase the quality of logic opera- 
tions between two qubits by several orders of magnitude. 
In essence, this implies that the threshold for tolerable 
errors in quantum computation is within reach using en- 
tanglement purification and linear optics. 

In this section we will review the basic idea of entangle- 
ment purification and its linear-optical implementation. 
The experimental demonstration is certainly a significant 
step toward ultimate long-distance quantum communica- 
tion. Before going into details, we would like to mention 
that there are other ways to beat decoherence by quan- 
tum error-correcting codes (Shor, 1995; Bennett et al, 
1996c; Steane, 1996, 1998; Calderbank and Shor, 1996; 
Laflamme et al, 1996) and decoherence- free subspace of 
Hilbert space (Palma et al, 1996; Duan and Guo, 1997; 
Zanardi and Rasetti, 1997; Lidar et al, 1998; Zanardi, 
1999; Bacon et al, 1999; Kempe et al, 2001). Exper- 
imental realization of decoherence-free subspaces with 
photons was reported by Kwiat et al (2000), Altepeter 
et al. (2004), and Bourennane et al. (2004), and appli- 
cations of decoherence-free subspace were demonstrated 
for an optical quantum-computing algorithm (Mohseni 
et al, 2003) and for fault-tolerant quantum cryptogra- 
phy (Zhang et al, 2006d). 

Quantum error correction paves the way to protect a 
fragile unknown quantum state by encoding the state into 
a multiparticle entangled state. Then the subsequent 
measurements, i.e., the so-called decoding processes, can 
find out and correct the error during the quantum oper- 
ations. Several quantum error correction protocols have 
been experimentally demonstrated in the NMR (Cory et 
al, 1998; Knill et al, 2001) and ion-trap (Chiaverini et 
al, 2004) systems. Although the quantum error correc- 
tion protocols are primarily designed for large-scale quan- 
tum computing, a similar idea is to implement error-free 
transfer of quantum information through a noisy quan- 
tum channel (Bouwmeester, 2001; Wang, 2004). Such 
an error-rejection protocol for error-reduced transfer of 
quantum information through a noisy quantum channel 
was experimentally verfied (Chen et al, 2006c). Yet, 
up to now optical implementation of quantum error- 



correcting codes still remains an experimental challenge. 



1. Entanglement concentration 

Before introducing the generic entanglement purifica- 
tion, we first discuss its special case, i.e., entanglement 
concentration^^ which aims to obtain with a nonzero 
probability, a maximal entanglement from two nonmax- 
imally entangled pure states. There are two methods 
to achieve this. The first is the so-called Procrustean 
method (Bennett et al, 1996b). It requires that the pho- 
ton pairs are all in a pure non-maximally entangled state, 
say, l*)no„max = a\H)\V) + P\V)\H) , where a and /? are 
two known coefficients that satisfy |Q!p-|-|/3p — 1. In 
this case, the scheme only involves local filtering opera- 
tions (Gisin, 1996; Horodecki et al, 1996) on single pairs. 
Second, the Schmidt decomposition scheme (Bennett et 
al, 1996b) works for photon pairs that are all in a pure 
but unknown non-maximally entangled state |'I')nonmax- 
In practice, this scheme is diflScult to implement as it 
requires simultaneous collective measurements on many 
photons. 

Experimentally, the Procrustean method has been 
demonstrated very recently (Kwiat et al, 2001). The 

Schmidt decomposition scheme becomes practically fea- 
sible after the proposal of a linear-optical implementation 
of entanglement concentration (Zhao et al, 2001; Ya- 
mamoto et al, 2001) was suggested. Two independent 
experiments (Yamamoto et al, 2003; Zhao et al, 2003b) 
were reported for linear-optical entanglement concentra- 
tion. The experiment by Zhao et al realized a prototype 
of quantum repeater by using local filtering and entan- 
glement swapping, thus providing a practical toolbox for 
future realization of long-distance quantum communica- 
tion. 



2. Entanglement purification 

The underlying idea of entanglement purification is to 
use several copies of a state whose entanglement is not 
sufficient for quantum information processing. Using lo- 
cal operations and classical communication (LOCC) it is 
sometimes possible to obtain fewer copies of particles in 
a state which is closer to a maximally entangled state. 
A sketch showing the working principle of entanglement 



We emphasize that, though only the general scheme can be used 
to purify arbitrary mixed states, both local filtering and entan- 
glement concentration are of interest in their own rights. This 
is because, on the one hand, both methods provide a way to 
generate maximally entangled states, which is different from the 
general scheme where only highly entangled states are generated. 
On the other hand, with the help of local filtering any inseparable 
state can be purified (Horodecki et al, 1997), while the general 
scheme alone only works for the cases where the entanglement 
fidelity F is larger than 1/2 (Bennett et al, 1996a). 
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purification is illustrated in Fig. [29l a). The purification 
procedure works as follows (Bennett et ai, 1996a, 1996c; 
Deutsch et ai, 1996). 

1. Prepare all entangled pairs in the "working state", 
i.e., the two-qubit Werner state (Werner, 1989), 



(a) 



Alice 



p{F)^F\ij-){r 
+ i0+>('^+i- 



-(iv+)(v+i 



irxri), 



(101) 



which is a rotationally symmetric mixture of the 
four Bell states. If the state is not a Werner state, 
then apply a depolarizing procedure, called random 
bilateral rotation, that converts it back into p{F) 
without changing its fidelity F = ti[\ip~) \p{F)] 
(with respect to IV""))- 

2. Choose randomly two less entangled pairs from the 
ensemble p. One member of each pair is sent to Al- 
ice, the other to Bob. Denote the first pair as the 
source pair, and the second one as target pair. Al- 
ice applies the unitary transformation y to her two 
qubits. This for each pair gives a transformation 
IV'*) ^ 10^) (irrelevant phase factors will be ig- 
nored.) Thus, the resulting state is p{F) with 
and !</>"'") exchanged. 

3. Alice and Bob bilaterally apply a CNOT operation 
to their pairs of qubits. 

4. Alice and Bob measure their target qubits in the 
computational basis (i.e., 0/1 basis) and broadcast 
their results. If their results agree, they keep the 
source particles, and otherwise they discard them. 
One can easily see that this is equivalent to project- 
ing the initial states onto the subspace in which ei- 
ther both the sources and the targets are \(j)) states 
or both arc \ip) states. The output state has a new 
fidelity F' with respect to |0+) 



i^2 + (l_F)V9 



(102) 



F2 + 2F(1 - F)/3 + 5(1 - F)2/9' 

and the other three Bell states are not equally dis- 
tributed. For 1 > F > 1/2, one has F' > F, i.e., 
the fidelity after this operation increases. 

5. Repeating step 1 to convert the output state into 
the Werner state p{F') such that the process can 
be continued. 

Thus, if the process is successful, Alice and Bob are 
left with a single pair in a Werner state p{F') with larger 
fidelity F'{F) li F > 1/2.^° Iterating the procedure as 
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FIG. 29 Schematic drawings showing the principles of entan- 
glement purification based on the CNOT operations (a) and 
on linear-optical elements (b). In the latter case the CNOT 
operations are replaced by two polarizing beam splitters (Pan 
et ai, 2001b). 



many times as it is necessary, they can reach a fidelity as 
close to one as they wish, but at the expense of wasting 
many pairs. 

From a practical point of view, the most important 
drawback of the above scheme is that it requires the 
CNOT operation. Although certain quantum logic gates 
have been experimentally demonstrated for atoms and 
ions (Raimond et al, 2001; Leibfried et ai, 2003; for op- 
tical CNOT gate, see section IVIII.B I) , there is at present 
no implementation of the CNOT gate that could realis- 
tically be used for purification in the context of long- 
distance quantum communication, in which the tolerable 
error rates caused by the CNOT operation must not ex- 
ceed a few percent (Briegel et al, 1998; Diir et ai, 1999). 
This is far outside the range of the present implemen- 
tations. Fortunately, a linear-optical entanglement pu- 
rification protocol (Pan et al, 2001b, 2003b) solves the 
problem precisely, see below. 



3. Linear-optical entanglement purification 

a. Theory The linear-optical purification scheme [shown 
in Fig. EW b)] will be presneted discussing a specific ex- 
ample. The working state in the linear-optical entan- 



In reality there will be imperfections in all local operations. Fur- 
ther consideration using some explicit models (Briegel et al, 
1998; Diir et al, 1999) shows that there is a minimum value 
of the original fidelity of the state F^in for which purification is 
possible; there is also a maximum achievable fidelity Fmax due 
to the imperfections in local operations. 



This special example corresponds to eliminating single bit-flip 
errors. However, the same method would also apply to the gen- 
eral mixed states p^;,, provided that they contain a sufficiently 
large fraction F > 1/2 of photon pairs in a maximally entangled 
state (say, \<t>^)ab)- Ir^ short, this can be understood as follows. 
Using the linear-optical purification method, one can first purify 
away single bit-flip errors. Phase errors can then be transformed 



44 



glement purification is 

Pab = F\4>+)ab{^-^\ + (1 - (103) 

where \'ip~)ab is an unwanted admixture; a and h indicate 
the particles at AHce's and Bob's locations, respectively. 
We choose this specific form of pab just for the conve- 
nience of discussion. 

The linear optical purification scheme is very similar to 
the original one (Bennett et al, 1996a, 1996c; Deutsch et 
al, 1996). The main difference [compare Fig. [29fa) and 
Fig. ED^b)] is that now each CNOT gate is replaced by 
a PBS. As we mentioned in section Illl.Ci the function 
of the PBS implies that finding one photon in each out- 
put mode corresponds to a projection onto the subspace 
spanned by |H)i|7J)2 and \V)i\V)2. 

Alice and Bob start by randomly choosing two pairs 
from the ensemble pab- Each of them then superimposes 
their photons on a PBS. An essential step in our pu- 
rification scheme is to select those cases where there is 
exactly one photon in each of the four spatial output 
modes, which we refer to as "four-mode cases" . As just 
explained, this corresponds to a projection onto the sub- 
space where the two photons at the same experimental 
location (Alice's or Bob's) have equal polarization. Note 
that the polarizations at the two different locations do 
not have to be the same. 

From Eq. p03p it follows that the original state paibi ■ 
Pa2b2 of the two pairs can be seen as a probabilistic mix- 
ture of four pure states: with a probability of F'^, pairs 1 
and 2 are in the state \(l)'^)aibi ■ \4>^)a2b2, with equal prob- 
abilities of F(l — F) in the states \(j)'^)aibi ■ \'4'~)a2b2 and 
|V'~)aifci • |0+)a262 , and with a probability of (1 - F)^ 
in \ip^)aibi ■ \ip~)a2b2- Among these, the cross combi- 
nations • |V'")a2b2 and |V'")albl ' \<l>~^)a2b2 neVBT 

lead to four-mode cases. Namely, by selecting only four- 
mode cases one can eliminate the contribution of the 
cross terms. 

Consider now the other two remaining combinations 
\<l)'^)aibi ■ \(t)~^)a2b2 and \ip~)aibi ' \i>~)a2b2- For the state 
\4>'^)aibi ■ |0^)a2b2, Selecting four-mode cases behind the 
two PBS results in the state 

■^{\H)a3\H)a4\H)b3\H)M + \V) a^lV) ailV) b3\V) m) 

(104) 

with the probability 50%. Alice and Bob can then gener- 
ate maximal two-photon entanglement between the out- 
put modes aS and b3 out of the four-photon entanglement 
by performing polarization measurements on each of the 
two photons in a4 and b4 in the +/— basis and comparing 
their measurement results. If the measurement results at 
a4 and b4 are equal, i.e., |+)|+) or |— )|— ) (opposite, i.e.. 



into bit-flip errors by a 45° polarization rotation and treated in a 
subsequent purification step. This is why it is suflicient to verify 
the purification effect for the mixed state described in Eq. I|103| l 
in an experimental demonstration of the scheme. 



|-|-)|— ) or |— )|-l-)), then the remaining two photons at a3 
and b3 are left in the state \(j)'^)a3b3 (I^~)a3h3)- In the 
\4i^)a3b3 case either Alice or Bob could simply perform a 
local phase flip operation on his or her remaining photon 
to convert the state \(j)^)a3b3 back into |0^)a3fc3- There- 
fore, starting from the initial state \(t>~^)aibi ■ \(t>^)a2b2 Al- 
ice and Bob will get the state 10^) 0363 whenever there is 
exactly one photon in each output mode. 

In the \^p^)albl ■ IV' )a2b2 case, following the same 
procedure Alice and Bob will project the remaining 
two photons a3 and b3 into the state \'ip'^)a3b3 with a 
probability of 50%. Since the probabilities to have a 
|<?!'"'")ai&i • \(t'~^)a2b2 and a |V'~)ai6i • \i>~)a2b2 incident are 
and (1 — F)^, respectively, after performing the purifi- 
cation procedure (selection of four-mode cases, measure- 
ments in modes a4 and b4 in the -\-/— basis, and local 
operations conditional on the measurement results) Alice 
and Bob will finally create a new ensemble described by 
the density operator 

pU = F' I 1 + (1 - F')\^p-)ab{^~\, (105) 

with a larger fidelity F' = F'^/[F'^ + (1 - F)'^] (for 
F > 1/2) of pairs in the desired state than before the 
purification. 

b. Experiment To experimentally demonstrate the lin- 
ear optical purification scheme (the experimental setup is 
shown in Fig. [HO)) , one needs to process two photon pairs 
which arc in the mixed state (|103p . This was achieved by 
first preparing the two photon pairs in the state \(j)'^)ab 
(with a high signal to noise ratio of 30:1 in the -I-/— basis) 
and then sending the photons al and a2 through a half- 
wave plate (A/2), whose angle is randomly set at either 
-\-S or —6. The experiment used a double-pass configura- 
tion, in which each pass an entangled photon pair in the 
state 10^) ah was created. 

While the above purification method works ideally for 
the case where there is (at most) only one pair of pho- 
tons in each of the input modes al-bl and a2-b2, with a 
probability of the same order of magnitude two photon 
pairs will be emitted into the same mode pair because of 
the spontaneous nature of SPDC. This case would also 
contribute four- mode cases in the real experiment. In- 
terestingly, if the position of the reflection mirror Al is 
fixed and the amplitudes of these two four-mode con- 
tributions arrive at the two PBS simultaneously, then 
the two amplitudes will have a fixed relative phase (de- 
noted by 04) and thus be in a coherent superposition 

\H)a3\V)a4\H)b3\V)M + e''^*\V) aslH) a4\V) b3\H) hi- Ad- 

justing the position of Al such that 04 = and further 
performing a polarization measurement in the mode pair 
a4-b4 in the -\-/— basis, the two remaining photons in 
a3-b3 will always be converted into the state |0^)a363, 
which is exactly the desired maximally entangled state. 
In essence, this implies that the presence of the double 
pair emission into the same mode pair does not at all 
prevent one from carrying out the purification protocol. 
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FIG. 30 Experimental set-up for entanglement purification 
(Pan et al, 2003b). A pulse of UV light passes through 
a BBO crystal twice to produce two polarization-entangled 
photon pairs, i.e., the pair 1 in al-bl and the pair 2 in a2-b2. 
Four compensators (Comp.) are used to offset the birefringent 
effect caused by the BBO crystal during parametric down- 
conversion. The photons in the modes bl and b2 further pass 
through a half- wave plate (A/2) to simulate the noise that re- 
duces the entanglement quality. We then send the two pairs 
through the corresponding PBS to perform entanglement pu- 
rification. By adjusting the positions of the delay mirrors Al 
and A2, one can achieve that the photons at the same experi- 
mental station arrive at their PBS simultaneously. Detecting 
exactly one photon in each of the four outputs (a3, a4, b3 and 
b4) behind a 45° polarizer (Pol.), one can verify the success 
of the purification scheme. 



but rather makes the scheme more efficient (Simon and 
Pan, 2002). 

To achieve ^4 = 0, Pan et al. exploited the two-photon 
hyper-entangled state ^{\H)a\H)b + \V)a\V)b){\al)\bl) + 
e*'^2|a2)|62)) (Simon and Pan, 2002; Chen et al, 2003). 
This corresponds to the case where one and only one 
entangled pair is created after the pump pulse passing 
through the BBO crystal twice, that is, the entangled 
photon pair is emitted into a superposition of the mode 
pairs al-bl and a2-b2. The relative phase 4>2 of the two 
spatial modes is determined also by Al. Since the two 
relative phases 04 and 02 satisfy the relation ^4 = 202, 
and hence if 02 — 0, then 04 = (Simon and Pan, 2002). 
The case 02 = was achieved by the method used in 
the experimental test of two-photon GHZ-type theorem 
(Yang et al, 2005). 

In order to have a fixed phase of 04 = 0, phase stabi- 
lization was maintained throughout the whole measure- 
ment. To achieve this, the setup was built onto an alu- 
minium platform to avoid sound resonance; a feedback 
air-condition was used to avoid the thermal expansion 
of the interferometer; a plastic housing around the setup 
avoided the air flow. At the same time, the two-fold 
coincidence of a4-b4 acted as a phase monitor. In this 



FIG. 31 Experimental results, (a) and (b) show the experi- 
mentally measured fractions both in the H/V and in the +/— 
bases for the original mixed state, (c) and (d) show the mea- 
sured fractions of the purified state in the modes a3 and b3 
both in the H/V and in the +/— bases. Compared with the 
fractions in (a) and (b), our experimental results shown in (c) 
and (d) both together confirm the success of entanglement 
purification. (Pan et al., 2003b) 



way, the phase could be kept stable for several hours. 
With emphasis we note that, opposed to the earlier multi- 
photon experiments, here the interferometric precision 
and stability are required at the scale of the wavelength, 
which is much smaller than coherence stability. This was 
a major experimental challenge. 

Having achieved perfect spatial and temporal overlap 
and having fixed the relative phase 04 to zero, one is then 
ready to demonstrate entanglement purification. In the 
first purification experiment, the mixed state as in (|103p 
with fidelity of i<" = 0.75 was prepared. The prepara- 
tion was confirmed by the experimentally measured frac- 
tions both in the H/V and in the +/— bases, as shown 
in Figs. [3lT a) and [3lT b). respectively. The measured 
results in Fig. l^lTc) and [HlTd') together prove the sig- 
nificant improvement of entanglement fidelity, with the 
fidelity F' = 0.92 ± 0.01 of the purified sub-ensemble. 
In a second experiment entanglement purification was 
performed for the mixed state with F ~ 0.80. After pu- 
rification, the observed entanglement fidelity for the sub- 
ensemble in the modes a3 and b3 is about 0.94 ± 0.01. 
Both experiments verified the purification scheme. It is 
worth noting that in both experiments, the visibilities 
of the original mixed states are 50% and 60%, respec- 
tively. After one-step purification the visibilities of the 
new ensembles are 84% and 88%, which are well above 
the threshold to violate Bell's inequality. Such a Bell ex- 
periment with purified less-entangled states has already 
been performed by Walther et al. (2005a). In this experi- 
ment, the initial poorly entangled photons, not being able 
to violate Bell's inequality, were created by a controllable 
decoherence. After purification, 5*8011 = 2.29 ± 0.13 was 
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measured, which violates Bell's inequality by 2.2 stan- 
dard deviations. 

Needless to say, the above methods to achieve perfect 
spatial-temporal overlap and phase stabilization provide 
the necessary techniques for experimental investigations 
of schemes in linear-optical quantum information pro- 
cessing. A slight modification of the purification setup 
can be used for testing two-photon GHZ-type theorem 
(Chen et al, 2003; Yang et ai, 2005) and measuring 
de Broglie wavelength of a non-local four-photon state 
(Walther et ai, 2004), to mention a few. More impor- 
tantly, Pan et al. also estimated the accuracy of local op- 
erations at the PBS, which is better than 98%, or equiva- 
lently an error probability of at most 2%. Entanglement 
purification with such a high accuracy is important not 
only for quantum communication, but also for quantum 
computation, as we mentioned at the beginning of this 
section. Moreover, with linear optics the accuracy of sin- 
gle photon operations on polarization and spatial degrees 
of freedom can be extremely high, with errors as low as 
10~^ or even less. These facts, together with the exper- 
imental realization of high-fidelity teleportation (Pan et 
al, 2003a), implies that the threshold of tolerable error 
rates in quantum repeaters can be achieved. This opens 
the door to realistic long-distance quantum communica- 
tion. 



E. Quantum repeater: towards long-distance quantum 
communication 

The central problem of quantum communication is 
to generate nearly perfect entangled states between dis- 
tant sites. While photons are ideal quantum informa- 
tion carriers for long-distance quantum communication 
task, it is more advantageous to exploit entanglement- 
based^^ quantum communication protocols due to pho- 
ton losses in the transmission channel. Then another 
problem (decoherence) arises due to the noisy quantum 
channel which degrades the quality of entanglement be- 
tween spatially separated photons as they propagate. 
Both the photon losses and the decrease in the quality 
of entanglement scale exponentially with the length of 
the communication channel. Fortunately, the quantum 
repeater protocol (Briegel et al, 1998; Diir et ai, 1999) 
enables to establish high-quality long-distance entangle- 
ment in the communication time increasing only polyno- 
mially with transmission distance. 



The bottleneck for long-distance quantum communication is the 
scaling of the error probability with the channel length. Thus, 
for quantum communication using optical fibers and single pho- 
tons as a quantum channel, both the absorption losses and the 
depolarization errors scale exponentially with the channel length. 
After propagating a few channel attenuation lengths, the state of 
the photon or the photon itself will therefore be destroyed almost 
with certainty. 



The following, among others, criteria (see also DiVin- 
cenzo, 2000) have to be met for a feasible implementation 
of long-distance quantum communication: 

1. Faithful transmission of photonic qubits between 
sepecific locations. 

2. Localized qubits as quantum memory with long co- 
herence time at each communication node. 

3. The ability to interconvert localized and photonic 
qubits. 

4. The ability to perform local (collective) operations 
on n (> 1) qubits (with error rates not exceeding a 
few per cent for quantum repeater protocol). 

Entanglement purification can ensure faithful trans- 
mission of entangled photons. As it is difficult to store 
photons for a reasonably long time, quantum memory 
for photons (see section IVII.E.3P is crucial for ensuring 
polynomial scaling in the communication efficiency as all 
entanglement purification protocols must be probabilis- 
tic. There are several candidates for localized qubits. For 
instance, one may use atomic internal states to store local 
information. Then interconverting the atomic and pho- 
tonic qubits requires the strong coupling between atoms 
and photons via high-finesse cavities, which, in spite of 
the recent significant experimental advances (Raimond et 
al, 2001; Leibfried et al, 2003), still remains an experi- 
mental challenge. In this aspect, atomic-ensemble based 
schemes (Duan et al, 2001, 2002; Chen et al, 2007; Jiang 
et ai, 2007; Zhao et ai, 2007) are very promising. 

Below we shall present the original idea of quantum 
repeater and a few promising technologies to implement 
it. 



1. Original theoretical proposal 

In classical communication, the problem of exponen- 
tial attenuation can be overcome by using repeaters at 
certain points in the channel, which amplify the signal 
and restore it to its original shape. In analogy to a fault- 
tolerant quantum computing (Nielson and Chuang, 2000; 
Bouwmeester et ai, 2001; Preskill, 1999), the quantum 
repeater proposal is a cascaded entanglement purification 
protocol for communication systems. Thus, it is entan- 
glement that is "amplified" by quantum repeater. 

The quantum repeater protocol comprises three ele- 
ments (Briegel et al, 1998; Diir et al, 1999): 

1. A method for creation of entanglement between 
particles at distant nodes, which uses auxiliary par- 
ticles at intermediate "connection points" and a 
nested purification protocol 

2. Entanglement purification with imperfect means. 
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3. A protocol for which the time needed for entan- 
glenient creation scales polynomially whereas the 
required material resources per connection point 
grow only logarithmically with the distance. 

The nested purification protocol works as follows. First 
we divide the long channel into M segments with connec- 
tion points (i.e., auxiliary nodes) in between. We then 
create M elementary EPR pairs of fidelity Fi between the 
nodes A k Ci, Ci k C2, ■ ■ ■ CaA-i k B. The number TV 
is chosen such that i^min < Fi < -Fmax ■ For simplicity, as- 
sume that M — for some integer n. On the first level, 
we simultaneously connect the pairs (initial fidelity Fi) 
at all the checkpoints except at Cl,C2l, ■ ■ ■ , Cj\f-L- As 
a result, we have M /L pairs of length L and fidelity Fl 
between A k Cl, Cl k C2L and so on. To purify these 
pairs, we need a certain number M of copies that we con- 
struct in parallel fashion. We then use these copies on 
the segments A k Cl, Cl k C2L etc., to purify and ob- 
tain one pair of fidelity > Fi on each segment. This last 
condition determines the (average) number of copies M 
that we need, which will depend on the initial fidelity, the 
degradation of the fidelity under connections, and the ef- 
ficiency of the purification protocol. The total number of 
elementary pairs involved in constructing one of the more 
distant pairs of length L is LM. On the second level, we 
connect L of these more distant pairs at every checkpoint 
CkL {k = 1,2...) except at (7^2 , C2L2 , • . . , C^f^L^ . As a 
result, we have N/V^ pairs of length between A k 
Cl2, Cl'^ k C2L2, and so on of fidelity > F^. Again, 
we need M parallel copies of these long pairs to repurify 
up to the fidelity > Fi. The total number of elemen- 
tary pairs involved in constructing one pair of length 
is thus {LMY . We iterate the procedure to higher and 
higher levels, until we reach the nth level. As a result, 
we have obtained a final pair between A k B oi length 
N and fidelity > Fi. In this way, the total number R of 
elementary pairs will be {LM)"^ , namely, 

i? = A/-i°gi-^^+i. (106) 

Thus, the resources grow polynomially with the distance 
N. 

Obviously, there are error mechanisms in the quan- 
tum repeater protocol: decoherence induced by the en- 
vironment, imperfect operations and measurements, and 
decrease of fidelity in entanglement swapping due to non- 
ideal entanglement. Choosing a generic error model for 
imperfect operations and measurements, one can esti- 
mate the maximum attainable fidelity -Fmax and the min- 
imum required fidelity -Fmin • Region for error parameters 
where purification is possible are of the order of some per- 
cent, implying that the scheme tolerates general errors on 
the percent level. Remarkably, the temporal resources to 
implement the quantum repeater protocol are also poly- 
nomially growing with the number of segments N and 
thus with the distance. 
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FIG. 32 Schematic setup for generating entanglement be- 
tween the two atomic ensembles L and R in the DLCZ scheme 
(Duan et al, 2001). The inset shows the relevant level struc- 
ture of the atoms in the ensemble with \g), the ground state, 
\s) , the metastable state for storing a qubit, and |e) , the 
excited state. The transition \g) —> |e) is coupled by the 
classical laser with the Rabi frequency Q, and the forward 
scattering Stokes light comes from the transition |e) \s). 
For convenience, ofF-resonant coupling with a large detuning 
A is assumed. 



2. Implementation with atomic ensembles and linear optics 

In the following we shall briefly review physical realiza- 
tions^^ of quantum repeater based on atomic emsembles 
(as localized memory qubits) and linear optics (manipu- 
lating flying photonic qubits). 

Duan, Lukin, Chac and ZoUer (DLCZ, 2001, 2002) 
proposed a promising implementation of quantum re- 
peater by using atomic ensembles as local memory qubits, 
which have collectively enhanced coupling to light even 
without the aid of high-finesse cavities. This elegant 
scheme was believed to incorporate entanglement swap- 
ping, built-in entanglement purification and quantum 
memory together into a single unit. 

Figure [32] is a schematic setup for entangling the two 
atomic ensembles (optically-thick atomic cell of Na iden- 
tical atoms) L and R which are spatially separated within 
the channel attenuation length. A pair of metastable 
lower states \g) and \s) can correspond to hyperfine or 
Zeeman sublevels of electronic ground state of alkali 
atoms. Long lifetimes for relevant coherence have been 
observed both in a room-temperature dilute atomic gas 
(Phillips et al, 2001) and in a sample of cold trapped 
atoms (Liu et al, 2001). 

All the atoms are initially prepared in the ground state 
\g). A sample is illuminated by a short, off-resonant laser 
pulse that induces Raman transitions into the states |s). 
We are particularly interested in the forward-scattered 
Stokes light (the signal mode a) which are uniquely cor- 
related with the excitation of the symmetric collective 
atomic mode S = {l/^/Na) \g)^ (s|, where the sum- 



Other physical implementations include the quantum repeater 
based on solid-state photon emitters (Childress et al., 2005, 2006) 
and a hybrid quantum repeater using bright coherent light and 
electronic- and nuclear-spins (van Loock et al, 2006). 
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mation is taken over all the atoms. The light-atom in- 
teraction generates, after the interaction time t/^, a two- 
mode (a and S) squeezed state of the with the squeezing 
parameter Tc proportional t^. If is very small, the 
two-mode squeezed state can be written in the perturba- 
tive form 

10 = |0a) K) + ^cS^a^ \Qa) |0p) + O (pe) , (107) 

where Pc = tanh^ Tc ^ 1 is the small excitation probabil- 
ity and O {pc) represents the terms with more excitations 
whose probabilities are equal or smaller than p^; |0a) 
and I Op) are, respectively, the atomic and optical vacuum 
states with |0q) = 0- jg) .. For large Na, the collectively 
enhanced signal-to-noise ratio may greatly enhances the 
efficiency of the scheme. 

Now we show how to use this setup to generate en- 
tanglement between two distant ensembles L and R us- 
ing the configuration shown in Fig. [321 Here, two laser 
pulses excited both ensembles simultaneously, and the 
whole system is described by the state \C) l®\Ci r, where 
IC)^ and \ Cl are given by Eq. (|107p with all the operators 
and states distinguished by the subscript L or R. The for- 
ward scattered Stokes signal from both ensembles is com- 
bined at the BS and a photodetector click in either Dl or 
D2 measures the combined radiation from two samples, 
a}_^a+ or d}_a- with a± = {a^ ± e^"^ Slr) /V2. Here, Lp 
denotes an unknown difference of the phase shifts in the 
two-side channels. Conditional on the detector click, we 
should apply a+ or a_ to the whole state \C,) ^ (g) |C)_r,i 
and the projected state of the ensembles L and R is 
nearly maximally entangled with the form [neglecting 
0{pc) terms] 

The probability for getting a click is given by Pc for each 
round, so we need repeat the process about 1 /pc times for 
a successful entanglement preparation, and the average 
preparation time is given by Tq ~ t/^/pc- 

The entanglement generation (as well as entanglement 
connection) in the DLCZ scheme is based on single- 
photon interference at photodetectors,''^'* which was first 
proposed to entangle single atoms (Cabrillo et al, 1999; 
Bose et al, 1999). However, to have stable single-photon 
interference, a long-distance interferometric stability has 
to be kept; otherwise, the fluctuations of the relative 
phase caused by the environment would wash out the 
coherence (i.e., entanglement) in Eq. (|108p . For instance, 
to maintain path length phase stabilities at the level of 
A/10 (A: wavelength) for single photons, typically of 



A 1 ^m, generated from atomic ensembles (Eisaman 
et al, 2005) requires the fine control of timing jitter at a 
sub-femtosecond level, which is almost an experimentally 
forbidden task (Holman et al, 2005). For more detailed 
analysis on phase-stability problem of the DLCZ scheme, 
we refer to (Chen et al, 2007). 

The above phase-stability problem could be overcome 
by interfering two photons, one coming from each re- 
mote ion or atom in cavity (Bose et al, 1999; Browne 
et al, 2003; Feng et al, 2003; Simon and Irvine, 2003). 
However, this improved robust entanglement creation re- 
quires difficult techniques and are unscalable to many 
communication nodes. A robust implementation of quan- 
tum repeater using several atomic-ensemble-based tech- 
nology and linear optics does exist (Chen et al, 2007; 
Jiang et al, 2007; Zhao et al, 2007) and eliminates the 
stringent requirement of long-distance phase stabilization 
with help of two-photon interference. 

Though the DLCZ scheme does not fulfil the crite- 
ria for long-distance quantum communication, it does 
provide a promising mechanism for a fully controllable 
single-photon source based on atomic ensembles, which 
seems to be much easier for experimental demonstrations. 
The idea is easy to understand as following. The atomic 
ensemble generates a correlated state in Eq. (|107l) , which 
is an exact analogy of SPDC. By measuring the forward 
signal mode with a single-photon detector, and condi- 
tional on a detector click, the collective atomic mode is 
projected to a single-excitation state. Such excitations 
can be stored for a reasonably long time in the ground- 
state manifold of the atoms. On demand the single- 
atomic excitation can be transfered to a single photon at 
any desired time (still within the storage time) with the 
method described in the next section with fully control- 
lable properties: the emitted single-photon pulse is di- 
rected to the forward direction; the emission time is con- 
trollable by the repumping time; and the pulse shape is 
controllable by varying the time dependence of the Rabi 
frequency of the repumping pulse. 

So far, significant advance has been achieved along 
this line. Controllable generation, storage and retrieval 
of single photons with tunable frequency, timing and 
bandwidth have been demonstrated (Chou et al, 2004; 
Eisaman et al, 2004, 2005; Chaneliere et al, 2005). 
Furthermore, a deterministic single-photon source was 
demonstrated using measurement-based feedback proto- 
col (Matsukevich et al, 2006b; Laurat et al, 2006; Chen 
et al, 2006b). We anticipate that these exciting research 
efforts will develop technology useful for those atomic en- 
semble based quantum information schemes. 



Another attractive protocol due to Childress et al. (2005, 2006) 
also uses single-photon interference at photodetectors and thus 
suffers from the phase-stability problem. Moreover, local col- 
lective operations such as active error corrections are required, 
which are currently hard to do with high enough precision. 



3. Quantum state transfer between matter and photons: 
quantum memory 

Both for long-distance quantum communication and 
large-scale optical quantum computing (see section lVIIII) , 
the technique of quantum state transfer between mat- 
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ter and photons is indispensable. Here the matter itself 
should have a long storage time. This makes atoms a 
strong candidate for localized photonic information car- 
rier as the coherence of atomic internal states can be 
maintained for a quite long time with the current tech- 
nology. The early proposal (Cirac et al, 1997; van Enk, 
Cirac, and ZoUer, 1997) along this line uses strong cou- 
pling of photons and single atoms in high-finesse cavities. 

The basic idea of quantum light memory is to trans- 
fer a photonic state to the excitations in atomic internal 
states so that it can be stored, and after the storage of a 
programmable time, it should be possible to read out the 
excitations to photons without change of the quantum 
state. The experimentally challenging technology at the 
interface of photons and single atoms motivated search 
for alternative routes to matter-light quantum interfaces. 
Along this line, theoretical ideas on quantum light mem- 
ory has been proposed (Kozhekin et al, 2000; Lukin et 
al, 2000; Fleischhauer and Lukin, 2000, 2002; Duan et 
ai, 2001; Duan, Cirac, and Zoller, 2002; Chen et al, 
2007), and the relevant experimental advances (Kash et 
al, 1999; Phillips et al, 2001; Liu et al, 2001; Schorl et 
at, 2002; Julsgaard et al, 2004; van der Wal et al, 2003; 
Bajcsy et al, 2003; Matsukevich and Kuzmich; 2004) are 
significant. 

For the future applications in optical quantum net- 
working, quantum light memory with reversible mapping 
between photonic and atomic states is highly desirable 
technology and was proposed by Fleischhauer, Lukin and 
coworkers (Lukin et al, 2000; Fleischhauer and Lukin, 
2000, 2002; Duan et al, 2001; Duan, Cirac, and Zoller, 
2002; Chen et al, 2007). As this proposal enables stor- 
ing light in a free-space atomic ensembles (i.e., without 
the aid of high-Q cavity), its experimental realization is 
relatively easy. Below we briefly give the basic idea of 
the atomic ensemble based quantum memory. 

The atomic-ensemble-based quantum memory consists 
of a coherently driven atomic ensemble {N 3> 1 atoms) 
of large optical thickness with the level structure shown 
in the inset of Fig.[33l The |c)-|e) transition is coherently 
driven by a classical field of Rabi frequency fl{t), and the 
|5)-|e) transition is coupled to a quantized single- mode 
(the multimodc case is similar) light field (described by 
an annihilation operator a) with a coupling constant g. 
Under the two-photon resonance (i.e., the two detunings 
for the two transitions shown in the inset of Fig. [33] are 
both equal to A), the classical driving field can induce 
transparency for the quantized light field and a substan- 
tial group-velocity reduction, even the complete stop of 
the light (for reviews, see Lukin and Imamoglu, 2001; 
Lukin, 2003; Fleischhauer et al, 2005). 

The Hamiltonian of the whole system {N atoms plus 
the quantized light field) reads in a frame rotating at 
the optical frequency H = hQ{t)Sec + hg^/NaSeb + H.c, 
where Sec = Ef le)^^ (c|, Seb = |e),;, (&I and 

H.c. means Hermitian conjugate. This Hamiltonian has 
particular zero-energy eigenstates, the so-called "dark 
states" . When the atom number is much larger than 
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FIG. 33 Quantum memory for photonic polarization qubits. 
Two identical ensembles are identically drived by a classi- 
cal field, which is equally right- and left-circularly polar- 
ized. Classical and quantized light fields are feed into the 
first PBSi{/L ("rotated" PBS which reflects left-circular pho- 
tons and transmits right-circular photons) and will leave at 



two difi'erent outputs of the second PBS 



R/L- 



Two half-wave 



plates (HWP) functioning as \R) ^ \L) are placed along the 
|L)-output of the first PBSij/^. As the atomic cell-r (cell- 
l) works as quantum memory for single photons with right- 
circular (left-circular) polarization via the adiabatic transfer 
method, the whole setup is then quantum memory of any 
single-photon polarization states. The inset shows the rele- 
vant level structure of the atoms, with the ground state \b), 
the metastable state |c) for storage, and the excited state |e). 
(Chen et al, 2007a) 



the photon number, the dark states represent elementary 
excitations of bosonic quasiparticles, i.e., the dark-state 
polaritons. For more details on this concept, see (Lukin 
et al, 2000; Fleischhauer and Lukin, 2000, 2002; Sun et 
al, 2003). 

By adiabatically changing Q{t) between the two lim- 
iting cases {fl{t) <C qVn , or VL{t) ^ qVN) one can 
coherently map dark-state polariton states onto either 
purely atom-like states where the photons are stored, or 
purely photon-like states which corresponds to the re- 
lease of the stored photons. In principle, quantum mem- 
ory based on this adiabatic transfer method is reversible, 
preserves pulse shape of the stored photons (Fleischhauer 
and Lukin, 2000; 2002) and may have efficiency very close 
to unity. The storage time can be very long as there 
is no excited atomic state in the dark-state subspace. 
The original quantum memory was proposed for storing 
a coherent superposition of photon-number states; two 
atomic ensembles can be entangled by storage of two en- 
tangled light fields (Lukin et al, 2000). For many optical 
quantum information protocols, quantum information is 
carried by photons with polarization encoding. Quantum 
memory for photonic polarization qubits was proposed by 
Chen et al (2007; see Fig. [331) ■ 

The atomic-ensemble-based quantum memory has an 
important application in realizing high-efficiency photon 
counting (James and Kwiat, 2002; Imamoglu, 2002). The 
idea is as follows. First, one maps the quantum state of 
a propagating light pulse onto metastable atomic collec- 
tive excitations. Afterwards, the number of atoms in the 
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m-excitation atomic state is exactly equal to that of the 
number of incoming photons. By monitoring the reso- 
nance fluorescence induced by an additional laser field 
that couples only to the metastable excited state, the 
number of atoms in m-excitation atomic state can be 
measured with an efficiency exceeding 99% even with a 
photon collection/detection efficiency as low as 10%. The 
state-selective fluorescence technique used in the pro- 
posal is a method for quantum state measurement with 
efficiency approaching 100% developed for trapped ions 
(for a comprehensive review, see Leibfried et al, 2003). 



4. Quantum interference of independent photons 

Interference of photons emerging from independent 
sources (Mandel, 1983; Paul, 1986) has no classical ana- 
logue and can be understood only by the interference of 
probability amplitudes of multi-particle detection events. 
The use of such independent sources might provide con- 
ceptual advantages for experiments on the foundations 
of quantum physics (Yurke and Stoler, 1992a, 1992b). 
Quantum interference of independent photons is also 
practically vital for modern quantum information pro- 
cessing ranging from quantum communication (in partic- 
ular, quantum repeater) to linear-optical quantum com- 
puting (see section IVIII|) . These quantum information 
schemes tacitly assume stable interference between two 
independently emitted photons. To fulfil this, it is impor- 
tant to assure that there exists no possibility whatsoever 
for the coherence properties of the light emitted by either 
source to be influenced by the other. Therefore, the oper- 
ation of one source must not in any way rely on the work- 
ing of the other source. Such a conflguration addresses 
exactly the needs for practical quantum communication 
and computation schemes. In the case of long-distance 
quantum communication any common optical elements 
shared by the sources and thus any dependence would 
impede the working of the scheme over large distances 
due to dispersion or losses. A key point here is thus that 
"truly independent sources require the use of indepen- 
dent but synchronized fs laser [s]" (de Riedmatten et al, 
2003). Two recent experiments, one peformed in Hefei 
(Yang et al, 2006) and another in Vienna (Kaltenbaek 
et al, 2006), successfully reahzed such technique using 
synchronized femto-second (fs) lasers. 

Since the 1960s, interference of light from independent 
sources has been addressed in many experiments, see, 
e.g., (Javan et al, 1962; Magyar and Mandel, 1963; Pflee- 
gor and Mandel, 1967; Radloff, 1971). However, in these 
early experiments, the observed effects could "not readily 
be described in terms of one photon from one source in- 
terfering with one from the other" (Pfleegor and Mandel, 
1967). 

All following experiments involving the interference be- 
tween single photons employed the well-known Hong-Ou- 
Mandel interference effect (section IIII.DI) , which utilizes 
the bosonic nature of photons: Two indistinguishable 



photons that enter a 50:50 BS via different input ports 
will always be detected in one output port. Such two- 
photon interference was first reported (Hong et al, 1987) 
for photon pairs emerging from an SPDC source. The 
first interference of separately generated photons was ob- 
served by Rarity et al (1996) (see also Kuzmich et al, 
2000) by measuring the Hong-Ou-Mandel-type interfer- 
ence of an SPDC photon and an attenuated part of the 
very same laser beam pumping the SPDC process. Fur- 
ther related experiments provided gradual progress with 
respect to the independence of the utilized sources. A 
first step was the interference of two triggered single pho- 
tons created via SPDC by the same pump pulse pass- 
ing twice through the very same SPDC crystal in the 
Innsbruck teleportation experiment (Bouwmeester et al , 
1997). Further contributions used photons generated by 
two mutually coherent time-separated pulses from the 
same mode-locked laser in one SPDC crystal (Keller et 
al, 1998) and, later, generated in one quantum dot (San- 
tori et al, 2002). 

In realistic realization of quantum repeaters (Briegel 
et al, 1998) one has to achieve entanglement swapping 
(see section IVII.Cp with synchronized entangled photon 
sources among all distributed segments. For the SPDC 
entanglement source, the UV laser pulses in each dis- 
tributed segment must be synchronized. One natural so- 
lution is to split a single UV laser pulse into N beams and 
then distribute them to each segment (de Riedmatten et 
al, 2003). However, such a naive solution is not a scal- 
able scheme. This is because the maximal output power 
of a single laser is technically limited and the efficiency 
of the scheme will thus exponentially decrease with the 
number of segments. 

A practical solution is to utilize synchronized pump 
lasers to prepare entangled pairs in each segment and 
then to connect these pairs via entanglement swapping. 
Yang et al (2006) achieved such an entanglement swap- 
ping with independent entangled photon pairs that are 
created by two synchronized fs lasers. The Hefei syn- 
chronization experiment implemented passive technique 
to synchronize two Ti:sapphire lasers by coupling both 
laser pulses in two intersecting laser cavities sharing the 
same Kerr medium (an additional Ti:sapphire crystal). 
The two lasers were synchronized with a timing jitter 
less than 2 fs and kept on synchronizing over 24 hours. 
The short pulse duration and little timing jitter are suf- 
ficient to ensure the perfect interference of two indepen- 
dent photons produced by synchronized laser pulses. In 
particular, Yang et al demonstrated entanglement swap- 
ping with independent entangled photon pairs (pair 1-2 
and 3-4, where photons 2 and 3 are subject to a Bell-state 
measurement, see Fig. I27p . created from two synchro- 



Usually, fs laser uses either active synchronization with an electri- 
cal feedback device (Ma et al, 2001), or passive synchronization 
by nonlinear coupling mechanism (De Barros and Becker, 1993). 
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nized but mutually incoherent fs lasers. The observed 
Bell inequality violation for the entangled pair 1-4 after 
entanglement swapping is S'bcII = 2.308 ± 0.095 which 
violates the classical limit of 2 by 3.2 standard devia- 
tions, confirming the quantum nature of entanglement 
swapping. 

In the Vienna synchronization experiment (Kaltenbaek 
et al, 2006), each of the two separate sources consists of 
an SPDC crystal pumped optically by a pulsed fs laser 
and provides triggered single photons. To enable inter- 
ference the two photons registered behind the BS cannot 
be distinguished in any way. For triggered single photons 
generated via SPDC, the initial sharp time correlation of 
SPDC photon pairs poses a problem without frequency 
filtering: the times of registration of the trigger photons 
provide temporal distinguishability of the photon regis- 
trations behind the BS. Short pump pulses and spectral 
filters narrower than the bandwidth of these pulses in the 
paths of the photons give the desired indistinguishability 
(Zukowski et al, 1995). 

Additional timing information is contained in the time 
difference between the independent pulses pumping the 
two SPDC crystals. In principle, one could compensate 
this again by filtering. For pulses without any time cor- 
relation this would, however, require extremely narrow 
filters and eventually result in prohibitively low count 
rates. Synchronizing the pulses of the two independent 
pumps increases the probability of joint emission events 
and hence the count rates. The fact that one needs to 
actively synchronize the sources is a direct unavoidable 
consequence of their independence. The active synchro- 
nization method implemented in Vienna involves only 
electronic communication (10 kHz bandwidth) about the 
relative pulse timing between the independently running 
femtosecond lasers. No optical elements whatsoever are 
shared by the pumps. The laser pulses were synchro- 
nized via electronic feedback loops up to a relative tim- 
ing jitter of 260 ± 30 fs using the commercially available 
Synchrolock"^-'^ system from Coherent Inc. 



F. Free-space entanglement distribution 

Optical fibre and free-space links have proven potential 
for low- loss distribution of photons over long distances. 
Entangled photons have been distributed in optical fibre 
for long-distance fundamental tests or quantum crypto- 
graphic apphcations (Gisin et al, 2002); the longest dis- 
tance up to 50 km has been achieved so far (Marcikic 
et al, 2004). While the experimental progress in this 
area has been rapid, theoretical studies have shown that 
Earth-bound fibre and free-space quantum communica- 
tion based on current technology cannot surpass on the 
order of 100 km (Waks et al, 2002). 

Another promising way to realize long-distance quan- 
tum communication is to exploit satellite-based free- 
space distribution of single photons or entangled pho- 
ton pairs (Aspelmeyer et al, 2003b). In the scheme, the 



photonic quantum states are first sent through the aero- 
sphere, then reflected from one satellite to another and 
finally sent back to the Earth. Since the effective thick- 
ness of the aerospliere is on the order of 5-10 km (i.e., 
the whole aerospliere is equivalent to 5-10 km ground at- 
mosphere) and in the outer space the photon loss and 
decoherence is negligible, with the help of satellites one 
can achieve global free-space quantum communication as 
long as the quantum states can still survive after pene- 
trating the aerosphere. 

Along this line, important experimental progress has 
been made very recently in the free-space distribution 
of attenuated laser pulses (over 23.4 km, see Kurtsiefer 
et al, 2002) and entangled photon pairs (over 600 m, 
see Aspelmeyer et al, 2003a). However, on the one 
hand, quantum cryptography experiments with attenu- 
ated laser pulses suffer from an eavesdropping loophole 
known as the beamsplitter attack (Gisin et al, 2002). In 
this respect, entanglement-based schemes are preferable. 
On the other hand, while the achieved distance in the pre- 
vious entanglement distribution experiment (Aspelmeyer 
et al , 2003a) is only on the order of 600 m which is far be- 
low the effective thickness of the aerosphere, the achieved 
low transmission efficiency (~ 10~^) would not enable a 
sufhcient link efficiency over large distances, which is, 
however, required for satellite-based free-space quantum 
communication (Aspelmeyer et al, 2003b). Thanks to 
two recent free-space entanglement distribution experi- 
ments (Fig. [M)) perfored separately in Vienna (Resch et 
al, 2005) and in Hefei (Peng et al, 2005), the difficulties 
encountered in satellite-based free-space quantum com- 
munication can in principle be overcome. 

In the Vienna experiment, polarization-entangled pho- 
tons are distributed using a free-space optical link over 
a distance of 7.8 km through the heart of Vienna: the 
source of entangled photons is placed inside a 19th- 
century observatory, Kuffner Sternwarte (Alice), and a 
receiving station is 7.8 km away on the 46th floor of a 
modern skyscraper. Millennium Tower (Bob). Detection 
of one photon (by Alice) from the entangled pairs con- 
stitutes a triggered single photon source for Bob, hence 
only the triggered single photons were sent through the 
free-space link. With no direct time-stable connection, 
the two stations found coincidence counts in the detec- 
tion events by calculating the cross-correlation of locally- 
recorded time stamps shared over a public internet chan- 
nel. For this experiment, the quantum channel was main- 
tained for a total of 40 minutes during which time a coin- 
cidence lock found approximately 60000 coincident detec- 
tion events. The polarization correlations in those events 
yielded a Bell parameter S'bcII = 2.27 ± 0.019, which vi- 
olates the CHSH inequality by 14 standard deviations. 

In the Hefei experiment, the source of entangled pho- 
tons (as well as the Sender) is located on the top of Dashu 
Mountain in Hefei of China, with an elevation of 281 
m, and two receivers (Alice and Bob) are located at the 
western campus of USTC and at Feixi of Hefei, respec- 
tively. The direct distance between the two receivers is 




FIG. 34 The layouts for free-space entanglement distribution 
exoeriments peformed in Vienna (upper panel; Resch et al, 
2005) and in Hefei (lower panel; Peng et al, 2005). 



about 10.5 km. The distances from the Sender to Al- 
ice and from the Sender to Bob are 7.7 km and 5.3 km, 
respectively. One of the two entangled photons passes 
through nearly half part of Hefei city, experiencing an 
extremely challenging environment above the city. The 
two receivers are not in sight with each other due to 
the existence of many buildings between them. In the 
Bell experiment under the space-like separation condi- 
tion, ^Beii — 2.45 ± 0.09 was measured, which is a vio- 
lation of the Bell-CHSH inequality by 5 standard devia- 
tions. This result firmly confirms that the entanglement 
can still survive after the two entangled photons have 
passed through the noisy ground atmosphere with a dis- 
tance beyond the effective thickness of the aerosphere. 
Peng et al. also performed a cryptography experiment, 
with 2435 bits of final secure key obtained within 4 min- 
utes. This corresponds an average key distribution rate 
of 10 bit/second. Note that, using a high-intensity en- 
tangled photon source (Kurtsiefer et al, 2001), one can 
easily increase the average key distribution rate to a few 
hundreds per second. The link efficiency of entangled 
photon pairs achieved in the Hefei experiment is about a 
few percent, which is well beyond the threshold required 
for satellite-based free-space quantum communication. 



VIII. QUANTUM COMPUTING 

A quantum computation can be considered as a physi- 
cal process that transforms an input quantum state into 



52 

an output state and as such, it respects quantum laws. 
The "information flow" in quantum computing process 
is carried by qubits (of course, quantum computing with 
quNits or continuous quantum variables should in princi- 
ple possible) which arc subject to a designed unitary evo- 
lution. Due to the superposition principle, quantum com- 
puting is featured by Feynman's quantum parallelism. 
The fact that qubits can be in coherent superposition 
and entangled states gives the extraordinary power to a 
quantum computer to outperform its classical counter- 
part. For more aspects on quantum computation, we 
refer to the textbooks by Nielson and Chuang (2000), by 
Bouwmeester et al. (2001) and by Preskill (1999). 

Mathematically, a quantum computer consisting of N 
qubits can be regarded as a quantum devices realizing a 
unitary transformation U which maps the initial states of 
the N qubits to a final state to be read out. To perform 
general transformations relies on the ability to engineer 
arbitrary interactions between the qubits. Fortunately, 
this task can be greatly simplified by the following power- 
ful theorem for universal quantum computation (Barenco 
et al, 1995a 1995b; Lloyd, 1995): 

• Any unitary transformation of an N-qubit system 
can be implemented with single-qubit operations and 
quantum controlled-NOT (CNOT) gates or equiva- 
lent two-qubit gates. 

These gates are known as universal quantum logic 
gates,^^ each of which is an elementary device perform- 
ing a fixed unitary operation on selected qubits in a fixed 
period of time. Given the ability to perform the gates 
belonging to the set of universal quantum logic gates, we 
will be able to perform any computation (unitary opera- 
tions on the quantum register) by simply applying them 
in a specified sequence. The central problem of quan- 
tum computing is then to design these computational 
sequences (quantum algorithms) depending on specific 
tasks and to implement them with specific quantum sys- 
tems. 



A. Criteria for optical quantum computing 

The physical implementations of quantum computa- 
tion preferably use localized systems like atoms in high- 
finesse cavities (Raimond et al, 2001), ions (Schmidt- 
Kaler et al, 2003; Leibfried et al, 2003) or solid-state de- 



Two examples of universal sets of gates are 
{U^^OT,,ui'Hv>),ui^\^/m and {ui^\ui^\7T/i),U^^\^)}. 
Here C/^^j^qt = fS) I + \V)(V\ (g) £ is the CNOT gate; 

'^CPhasc = \^){^\ <^ i + \y){y\ ® 2 is the controlled-phase 
(CPhase) gate; two single-qubit gates are ui^^ (ip) = e~^^^ 
{\H) e^^/^\H) and \V) e-^^/^\V)); (7i^'(e) = e"^** 
{\H) cose\H) - isin0|y) and IV) ^ -isinSIH) + cose\V)y, 
if G [0,2n). 
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vices (Loss and DiVincenzo, 1998; Makhlin et al, 2001), 
for which significant progress has been made. However, 
the main focus of this section wiU be quantum computing 
(the usual circuit model based on quantum logic gates, 
or measurement-based model based on cluster states) 
with photons, a surprising possibility discovered by Knill, 
Laflamme, and Milburn (2001). This breakthrough, to- 
gether with many subsequent theoretical and experimen- 
tal advance, opens up an exciting future of manipulating 
multi-photon states with profound applications. 

Before presenting these specific advances, let us give 
a set of criteria for quantum computing with photons 
while keeping in mind the DiVincenzo criteria (DiVin- 
cenzo, 2000): 

1. Encoding qubits with the degree of freedom that is 
easy to implement high-precision single-qubit oper- 
ations and robust against various noises. 

2. Nontrivial two-qubit gates (CNOT, ControUed- 
phase,...); for one-way quantum computing, the abil- 
ity to prepare a sufficiently large cluster state. 

3. Ideal single-photon detection (if not, the scheme 
should be photon-loss tolerant). 

4. Quantum memory being able to store single photons 
for a reasonably long time and to read them out on 
demand. This requirement simply stems from the 
fact that photons fiy at the speed of light! More- 
over, it is also crucial for the scalability as two-qubit 
gates for photons cannot be implemented with unit 
probability. 

B. Linear-optical two-qubit logic gates 

Photons are natively robust against decoherence and 
easy to do single-qubit operations. However, because 
it is very difficult to achieve the necessary logic opera- 
tions between two individual photonic qubits and to store 
them for a reasonably long time, the application of pho- 
ton states has thus been limited primarily in the field of 
quantum communication. Surprisingly, Knill, Laflamme 
and Milburn (2001), using the dual-rail encoding [for 
polarization encoding, see (Spedalieri et at, 2006)], has 
shown that nondetcrministic two-qubit logic operations 
can be performed using linear optical elements, addi- 
tional photons (ancilla) and postselection based on the 
output of single-photon detectors. They further demon- 
strated that the success rate of the logic gates can be 
arbitrarily close to one by using more additional ancilla 
and detectors. This implies that the nondetcrministic 
two-qubit logic gate based on linear optics can be used as 
a basic block for quantum information protocols, even for 
efficient quantum computation. A novel aspect of linear- 
optical quantum computing is that, despite the lack of 
the photon-photon interaction, quantum measurements 
may induce effective nonlinearity sufficient for realization 
of two-qubit gates. The original Knill-Laflamme-Milburn 



scheme is, however, not economical in resources. Various 
groups have been working on reducing the complexity 
of the scheme while improving its theoretical efficiency 
(Koashi et al, 2001; Pittman et al., 2001; Ralph et al, 
2002a, 2002b). To be a supplement to the nice review on 
linear-optical quantum computing by Kok et al (2007), 
we have to leave the detailed survey of many beautiful 
relevant developments, both on the theoretical and the 
experimental sides. For more details, we refer to that 
review. 

So far, various quantum computation primitives have 
been demonstrated with photons alone-including condi- 
tional phase shift operations (Sanaka et al, 2004), and 
destructive (Pittman et al, 2002, 2003; O'Brien et al, 
2003) and even non-destructive CNOT gates (Gasparoni 
et al, 2004; Zhao et al, 2005b). All these schemes use 
unentangled states as inputs on which the quantum gates 
operate. 

For scalable optical quantum computing, a crucial re- 
quirement is the classical feed-forwardability (Scheel et 
al, 2006). Specifically, it must be in principle possible 
to detect when the gate has succeeded by measurement 
of ancilla photons in some appropriate states. This in- 
formation can then be feed-forward in such a way as to 
condition future operations on the photon modes. For 
those destructive CNOT operations, they necessarily de- 
stroy the output states such that schemes based on them 
are not classically feed-forwardable. Fortunately, it has 
been suggested (Pittman et al, 2001) that a destruc- 
tive CNOT gate together with the quantum parity check 
can be combined with a pair of entangled photons to 
implement a nondestructive (conventional) CNOT gate 
that satisfies the feed-forwardability criterion. Moreover, 
when combined with single-qubit Hadamard rotations to 
perform a controUed-sign gate [so as to build the cluster 
states via Nielsen's method (Nielsen, 2004)] this gate also 
satisfies the criterion that when it fails the qubits can be 
projected out in the computational basis. In this section, 
we present, for pedagogical purposes, the working princi- 
ple and a proof-of-principle demonstration (Zhao et al, 
2005b) of a nondestructive CNOT gate for two indepen- 
dent photons. 

To see the working principle of the scheme shown in 
Fig. EH a), suppose that one aims to act a CNOT gate 
on an arbitrary two-qubit state \x)25 [see Eq. (|98p ] by 
using an ancilla entangled photon pair in the Bell state 
|V'~)34. Note that PBS2 in Fig. [SDJa) transmits \H') 
while reflects \V') polarization. The output state of the 
whole apparatus is (Pittman et al, 2001) 

|X)25 l^")34 -> ^[|l/')3'|^)4'(CNOT2.5' Ix)^'^') 

+ \H')-,,\V),,{Z,,CN0T2'5' |X)2'5') 

+ \H')y\H)i,{x5'Z,,CNOT2'5' |X)2'5') 

+ |O3'|i?)4'(^5'CN0T2.5'|x)2'5')] 

\/3 

-I- - I ■•■/not four mode case • 

(109) 
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FIG. 35 (A) A nondestructive CNOT gate constructed by 
PBS, half- wave plates (HWP) and an ancilla entangled pho- 
ton pair |i/;~)34 (Pittman et al, 2001). (B) Quantum circuit 
for quantum teleportation based on a CNOT gate. By using 
the CNOT operation, Alice can discriminate the four orthog- 
onal Bell state simultaneously such that a complete telepor- 
tation can be achieved. (Zhao et al, 2005b) 



It is ready to see that, conditioned on the detections of 
one and only one photon (the four-mode case) in certain 
polarization at the output modes 3' and 4' (occuring with 
the probability of 1/4), a (nondestructive) CNOT gate 
will be successfully acted on |x)2'5' ^'^ ^ local unitary 
transformation, without having to destroying the output 
photons 2' and 5'. 

One immediate application of the proposed CNOT gate 
is that it can be used to generate, though probabilisti- 
cally, entanglement between the control qubit and tar- 
get qubit (see section IIV.B[) . Another important ap- 
plication is that the nondestructive CNOT gate can be 
used to simultaneously identify all the four Bell states 
(section IV.F.ip , which is essential for achieving a com- 
plete quantum teleportation. A quantum circuit for this 
purpose is shown in Fig. I35f b). where Alice wants to 
teleport to Bob an unknown polarization state |x)5 = 
a \ H)^ + /3 1^)5 of photon 5, with an entangled pair of 
the photons 1 and 2 shared by Alice and Bob in the Bell 
The crucial Bell-state measurement can 
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state IV'" 

be accomplished probabilistically by applying a nonde- 
structive CNOT operation and performing a subsequent 
polarization analysis on photons 2 and 5. 

As explained above, to demonstrate the proposed non- 
destructive CNOT gate one has to prepare one ancilla en- 
tangled pair and two independent single photons'^''. The 
experimental setup on entanglement purification (Pan et 



Recently, Bao et al. (2007) experimentally demonstrated a novel 
optical nondestructive CNOT gate without using entangled an- 
cilla, but four single photons instead. 



al, 2003b; section rVII.D.3p could be, in principle, modi- 
fied to implement this probabilistic CNOT gate, the cre- 
ation of two entangled photon pairs into the same pair 
of modes would, however, contribute spurious four-fold 
events of the same order of magnitude, hence leading to 
a very low visibility. Experimentally, Zhao et al. (2005b) 
overcame this drawback and performed a five-photon ex- 
periment (Zhao et al, 2004) to demonstrate both the 
nondestructive CNOT gate and quantum teleportation 
with complete Bell-state analysis (see also Walther and 
Zcilinger, 2005). 



C. One-way quantum computing with photons 

Another significant step is the discovery of "one-way 
quantum computing" (Raussendorf and Briegel, 2001; 
Raussendorf et al, 2003), which is based on the prepara- 
tion of highly entangled multi-qubit states, the so-called 
"cluster states" (Briegel and Raussendorf, 2001) and on 
simple adaptive one-qubit measurements. In the follow- 
ing, we will summarize the basic ideas underlying one- 
way quantum computing (for other development, see Al- 
iferis and Leung, 2004; Childs et al, 2005), its optical 
implementation and the experimental demonstration. 



1. Cluster states and one-way quantum computing: general 
ideas 

In the one-way quantum computing model, the so- 
called cluster state is the central physical resource. The 
entire quantum computation consists only of a sequence 
one-qubit projective measurements in a particular pat- 
tern of measurement eigenbases and in a particular order 
on this entangled state. We call this scheme the "one- 
way quantum computer" since the entanglement in the 
cluster state is destroyed by the one-qubit measurements 
and therefore it can only be used once. While it is pos- 
sible to simulate any unitary evolution with the one-way 
quantum computer (i.e., the one-way quantum computer 
is universal), the computational model of the one-way 
quantum computer makes no reference to the concept of 
unitary evolution. A quantum computation corresponds, 
instead, to a sequence of simple projections in the Hilbert 
space of the cluster state; different algorithms require 
only a different pattern of adapted single-qubit opera- 
tions on a sufficiently large cluster state. The informa- 
tion that is processed is extracted from the measurement 
outcomes and is thus a purely classical quantity. 

As can be seen from the computational model under- 
lying the one-way quantum computer (Raussendorf and 
Briegel, 2002; Raussendorf et al, 2003) shown in Fig. [551 
the one-way quantum computer is dramatically differ- 
ent from the standard one based on sequences of unitary 
quantum logic gates that process qubits. The very possi- 
bility of one-way quantum computing might well change 
our understanding of the requirements for quantum com- 
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FIG. 36 General scheme of the one-way quantum computer 
(Raussendorf and Briegel, 2002; Raussendorf et al, 2003). 
The sets Qt of lattice qubits are measured one after the other. 
The results of earlier measurements determine the measure- 
ment bases of later ones. All classical information from the 
measurement results needed to steer the computer is con- 
tained in the information flow vector l(t). After the last 
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FIG. 37 Realization of elementary quantum gates (CNOT 
gate between neighbouring qubits, the arbitrary rotation 
specified by three Euler angles ^, rj, and the z-rotation; the 
Hadamard gate; and the 7r/2- phase gate) on an one-way quan- 
tum computer (Raussendorf and Briegel, 2001; Raussendorf 
et al, 2003). Each square represents a lattice qubit. The 
squares in the extreme left column marked with white cir- 
cles denote the input qubits, those in the right-most column 
denote the output qubits. 



putation and more generally how we think about quan- 
tum physics. 

As a universal quantum computing resource, cluster 
states are special multi-qubit entangled states located on 
a cluster C. This cluster is a connected subset of a simple 
cubic lattice Z'' in d > 1 dimensions. The cluster states 
l'^{'«})c characterized by the set of eigenequations 

with the correlation operators 

i^f-^) =ai"' (g) a^J'K (111) 

b^nb{a) 

Therein, {k^ G {0,l}|a e C} is a set of binary pa- 
rameters which specify the cluster state and nb{a) is 
the set of all neighboring lattice sites of a. All states 
|(/>{k})^ are equally good for computation. A cluster 
state is completely specified by the eigenvalue equations 
(jllOp . From the set of states which obey (|110p with 
the eigenvalues specified by {k} a representative | )g 
is taken. There are 2l''l such classes of states, and 
hence 2l''l mutually orthogonal representatives | )(^- 
Therefore, the representative cluster states form a basis 
{|</'{«:})c I {4 e {0,1}I'^I} of the |C|-qubit Hilbert space. 
Particularly, two states |0{k}o)c and |0{k}p)c obeying 
(IllOP with the same set {k}q are the same modulo a 
possible global phase. Consequently, any method that 
creates a state obeying Eq. (|110|) with a specific set 
{Ka\o- £ C} creates the same state. The state \(j))c2 is 
local unitary equivalent to a Bell state and |0)c3 to the 
GHZ state. |(/')c4 is not equivalent to a 4-particle GHZ 
state. In particular, the entanglement in \(j))ci cannot 
be destroyed by a single local operation (Briegel and 



Raussendorf, 2001). Note that cluster states are a sub- 
set of the so-called graph states (Hein et al, 2004; for a 
comprehensive survey, see Hein et al, 2006). 

The eigenequations (|110p and the quantum correla- 
tions they imply are central for the described scheme 
of computation. Briefly speaking, a cluster state on a 
two-dimensional cluster of rectangular shape, say, is a 
resource that allows for any computation that fits on the 
cluster. Actually, the CNOT gate and general one-qubit 
rotations, which form a set of universal quantum logic 
gates, can all be implemented via one-qubit measure- 
ments on a cluster state, see Fig. |37] [For details on how 
this follows, we refer to (Raussendorf and Briegel, 2001; 
Raussendorf et al, 2003)]. 

Ways to create a cluster state in principle are to mea- 
sure all the correlation operators if^"-* (a S C) of (|llip 
on an arbitrary |C|-qubit state or to cool into the ground 
state of a Hamiltonian = —fi-9^aec '^^K^'^K An- 
other way that is more suitable for practical realization 
is as follows. First, a product state \+)c = ^aec 1+)° 
prepared and then subject to a unitary transformation 

s^-^^ = Yi s"'^ (112) 

a,b£C\b—a£^d 

In (|112p . for the cases of dimension d = 1,2,3, we 
have, respectively, 71 = {1}, 72 = {(1, 0)"^, (0, 1)"^} and 
73 = {(1,0,0)^,(0,1,0)^,(0,0,1)^}, and the two-qubit 
transformation S"'' = ^(1 + i^"^ + z^''^ ~ z^"^ <» z^''^) is 
a CPhase gate [also known as the controUed-z (CZ) gate 

or CSign]. As [^('^)]ai'^)[5('^)]t = ai'^) 0,,„,(,) it is 
easy to verify that the state — S'''^^\+)c generated 
via S' is a cluster state |0{k})c with = (Va S C). 
The specific preparation procedure allows a nice intuitive 
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graphical representation of cluster states (see Fig. [39] be- 
low). To prepare cluster states specified by different sets 
{kq}, one simply applies phase-flip operators z'"'. Note 
that all operations 8°''' in S'^''^ mutually commute and 
can therefore be carried out simultaneously. Initial in- 
dividual preparation of the cluster qubits in |+)aec can 
also be done in parallel. Thus, the creation of the clus- 
ter state is a two step process. The temporal resources 
to create the cluster state are constant in the size of the 
cluster. 

Cluster states can be created by contollable Ising-type 
interaction as described above (Briegel and Raussendorf, 
2001; Raussendorf and Briegel, 2001; Raussendorf et ai, 
2003); for an implementation with quantum dots, see 
(Weinstein et ai, 2005). It was recently shown that 
the efficient preparation of cluster states is possible with 
probabilistic two-qubit controlled phase flip gates (Duan 
and Raussendorf, 2005; Chen et ai, 2006a). Generation 
of atomic cluster states through the cavity input-output 
process was suggested by Cho and Lee (2005). Few-qubit 
cluster states of photons were created in several recent 
experiments (Zhang et al, 2006a; Walther et ai, 2005b; 
Kiesel et al, 2005; Schmid et ai, 2007; Lu et al, 2007). 

Open theoretical questions remain about the scala- 
bility under realistic noise conditions required for fault- 
tolerant one-way quantum computation. A threshold has 
been proved to exist (Nielsen and Dawson, 2005; Daw- 
son et al, 2006a, 2006b; Aliferis and Leung, 2006); par- 
ticularly, in the context of scalable optical cluster-state 
quantum computing, Nielsen and coworkers have shown 
that, for photon loss noise and depolarizing noise, fault- 
tolerant threshold regions are < 3 x 10~^ for photon loss 
probabilities and < 10^^ for depolarization probabilities. 
Yet, it is unknown whether cluster state quantum com- 
putation will be more or less sensitive to noise than the 
standard model. Loss tolerance for optical quantum com- 
puting has been considered by Ralph et al (2005) and 
Varnava et ai (2006). 



2. Linear-optical one-way quantum computing 

There are several schemes for one-way quantum com- 
puting with linear optics (e.g., Nielsen, 2004; Browne 
and Rudolph, 2005; Bodiya and Duan, 2006; Chen et 
al, 2008, to mention a few). In particular, Nielsen has 
shown that efficient linear-optical quantum computation 
based on cluster states is possible without the elabo- 
rate teleportation and z-measurement error correction 
steps in the Knill-Laflamme-Milburn scheme. Nielsen's 
method works for any non-trivial linear optical gate 
which succeeds with finite probability, but which, when 
it fails, effects a measurement in the computational ba- 
sis. By introducing two elementary linear-optical oper- 
ations (the type-I/II "two-qubit fusion"), Browne and 
Rudolph (2005) suggested a robust scheme achieving a 
much greater degree of efficiency and a simpler implemen- 
tation than previous proposals. Other physical imple- 
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FIG. 38 The two-qubit fusion nondeterministic gates. In the 
type-I fusion only one of the two outputs is measured by a 
polarization-discriminating photon counter after a 45° polar- 
ization rotation. The type-II fusion uses a rotated PBS, and 
both outputs are measured. (Browne and Rudolph, 2005) 



mentations include, e.g., the scheme with matter qubits 
and linear optics as proposed by Barrett and Kok (2006) 
using single-photon interference effects, and a method 
using only local unitaries and type-I fusion operations 
(Gilbert et ai, 2006). Here we focus on a linear-optical 
architecture for one-way quantum computing. 



a. A linear-optical architecture Below we discuss the 
Browne-Rudolph scheme in more details. The scheme has 
a practically important advantage in that it requires sta- 
ble interferometry over only the coherence length of the 
photons. Its two basic operations are the type-I and type- 
II "two-qubit fusion" operations (Fig. [35]). The type-I 
fusion is also known as parity check (Pan and Zeilinger, 
1998; Pan et al, 2001b; Cerf et al, 1998; Pittman et al, 
2001). Starting from a supply of polarization Bell states 
^{\HH) + \VH) + \HV) - \VV)) (which are equivalent to 
a 2-qubit cluster state and can be created via the method 
described in section [VIILC. 2. b)) . the type-I fusion opera- 
tion allows us to efficiently generate arbitrarily long linear 
cluster states. If the Type-I fusion is applied to the end- 
qubits of linear (i.e., one-dimensional) clusters of lengths 
n and to, successful outcomes generate a linear cluster of 
length (n -I- TO — 1) (Fig. [3S]). The type-I fusion opera- 
tion is considered to have failed when either zero or two 
photons of either polarization are detected. The failure 
outcomes have the effect of measuring both input qubits 
in the z-eigenbasis (the effects of the x-eigenbasis and 
the y-eigenbasis are also shown in Fig. [39]) . Measuring a 
cluster state qubit in the computational basis leaves the 
remaining qubits in a cluster state of the same layout 
as before the measurement, but now with all the bonds 
connected to the measured qubit severed. 

Linear clusters are not, however, sufficient for universal 
quantum computation, as their geometry does not permit 
the implementation of 2-qubit gates. We thus need to 
create two-dimensional clusters. Type-I fusion operation 
alone is not appropriate for carrying out these fusions, 
since its failure outcome would split the linear clusters in 
two (Fig. [5^1. 

The strategy (Chen et al, 2008) of preparing a two- 
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FIG. 39 Certain measurements on a cluster qubit will leave 
the remaining qubits in a new cluster state with a diflterent 
layout: A £-eigenbasis measurement removes the qubit from 
the cluster and breaks all bonds between that qubit and the 
rest of the cluster; an i-measurement on a linear cluster re- 
moves the measured qubit and causes the neighboring qubits 
to be joined such that they now represent a single logical qubit 
with logical basis \HH) and IV^V'); a y-measurement removes 
the qubit from the linear cluster but links the neighboring 
qubits. These gain an extra 7r/2 rotation around the z-axis 
which is accounted for when they are measured. Here each cir- 
cle represents a qubit prepared in the state |-|-) and each line 
("bond") indicates that a CPhase gate having been applied 
between the two connected qubits. (Browne and Rudolph, 
2005) 
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FIG. 40 Step-by-step picture of the procedure for creating a 
two-dimensional cluster state with type-I and type-II fusion 
operations and y-measurements. (Chen et at, 2007b) 



dimensional cluster is depicted in Fig. [JD] and consists of 
the following procedures: 

• First prepare in parallel two linear clusters, one of 
length 2rto + 1 and another of length 2rto + 3; then 
perform an i-measurement on the middle qubit in 
the longer cluster so that a new cluster of 2no -I- 1 
is generated, but with its middle point redundantly 
encoded with 2 photons. This step can be accom- 
plished very efficiently (i.e., the total time scales 
logarithmically with the cluster length, and the 
number of the total type-I fusions scales linearly) . 

• Create a shape" cluster (Duan and 
Raussendorf, 2005), with four ancillary legs 



each of length no, by type-II fusing the two 
middle qubits of two linear clusters. The number 
of attempts to accomplish this depends on the 
successful probability of the type-II operation. 

• For two such -t— shape clusters, their center qubits 
are connected by type-I fusing always the two end 
qubits each from one of the four legs. Due to the 
property of the type-I fusion, we can try the con- 
nection at most no times before reaching the center 
qubits (no is then chosen such that the connection 
can succeed at any wanted high probability) . If any 
one of these no connections succeeds and there are 
still redundant leg qubits between the two center 
qubits, we simply remove these redundant qubits 
by single-qubit y-measurements. The new cluster 
created in this way have more ancillary legs. Each 
of these legs has a length of no such that the pro- 
cedure can be continued.. 

It is proved that the above strategy can finally pre- 
pare a square-lattice cluster of N qubits with a tempo- 
ral overhead scaling logarithmically with N , and with 
an operational overhead (i.e., number of fusion opera- 
tions) scaling as ~ A^lnA^ (Chen et al, 2008). The 
described protocol is a linear-optical realization of the 
Duan- Raussendorf proposal (2005), but combines the ad- 
vantages of the Browne-Rudolph scheme, whose overall 
efficiency is thereby demonstrated. A crucial element for 
a realistic realization is quantum memory for polarization 
qubits, which is crucial for all large-scale optical quan- 
tum computing based on polarization encoding. Such 
memory was discussed in section fVILE. 31 Following the 
above protocol, complex multi-party quantum network 
can in principle be created very efficiently. This provides 
an exciting perspective for manipulating a huge number 
of photons applicable to quantum computing. 



b. Event-ready polarization entanglement with linear optics 
So far, though up to six photonic qubits can be exper- 
imentally manipulated using SPDC, the number of en- 
tangled photonic qubits are rather hard to increase due 
to the intrinsic limitations of the SPDC entanglement 
sources. The reasons are the following. On the one hand, 
to get higher multi-fold coincidences, one has to increase 
the probability p of creating an entangled pair with a 
single pulse. However, this then also increases the prob- 
ability of the events for creating more than one pair by 
the same pulse, which usually gives unwanted terms in 
the resulting entangled states. On the other hand, as the 
SPDC entanglement sources are probabilistic, the prob- 
ability of entangling 2n photonic qubits, using a similar 
technique discussed in section IV.E. 21 scales as p", which 
will be exponentially small with increasing n. 

In the above linear-optical architecture, two-photon 
entangled pairs are the basic resource. Now let us de- 
scribe a scheme (Zhang et al, 2006b; Bao et al, 2007; 
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FIG. 41 Deterministic single-photon polarization entangler. 
PBS (PBS+/_; PBSfl/i) reflects photons with vertical- 
polarization \V) (|l/')-polarization; |L) -polarization) and 
transmits photons with horizontal-polarization \H) {\H')- 
polarization; |i?)-polarization). In the present case, a coin- 
cidence count between single-photon detectors Di and D4 
(Di and D3) or between D2 and D3 (D2 and D4) leaving 
photons along paths a and b deterministically entangled in 
ICb) (kab))- (Zhang et al, 2006b; Bao et al, 2007; Chen et 
al, 2007a) 



Chen et al, 2007) that generates event-ready polariza- 
tion entanglement by linear optics and projective mea- 
surement for the purpose of quantum computing. The 
basic elements of the scheme are four single photons, 
linear optics and even-ready detections. As one can 
easily check, the setup in Fig. [5T] is a deterministic 
single-photon polarization-entangler: By selecting only 
the "four-mode" case where there is one and only one 
photon in each of the four output modes (a, h; A, B), 
one obtains, with the probability of 1/4, the four-photon 
state expanded in the standard Bell basis of photons A 
and B : 

\i;)^\V'),\V),\H'),, \H),, 

+ \^~')ab + ^-^b k")a6 l"^') AB ' (H^) 

Then the Bell-state masurement on photons A and B 
will collapse photons a and b into a definite Bell state 
by classically communicating the result of the Bell-state 
measurement. As only two (e.g., \4>~^)yig and |V'~'')ab) 
out of the four Bell states can be identified with linear 
optics (section IV.F.ip , the overall success probability of 
single-photon polarization-entangler is -j x ^ = i for per- 
fect detections. Yet, such a linear-optics setup can de- 
terministically entangle two polarization qubits and is 
thus an "event-ready" entangler in the sense that one 
knows when entanglement is successfully created. Zhang 
et al. (2006b) experimentally realized the scheme using 
the triggered single photons from SPDC. 

For the above scheme to work ideally, it requires on- 
demand single photons and ideal photon-number count- 



ing, which can differentiate 0, 1 and more photons. 
There indeed exist several atomic-ensemble-based tech- 
niques [high-efficiency photon counting and quantum 
memory (see section IVII.E.3[) : single-photon creation 
(see section IVII.E.2P ] which allow a scalable and effi- 
cient multi-photon entanglement creation by following 
the linear-optical architecture in section lVIII.C.2.al Such 
an efficient generation of a large-scale photonic cluster- 
state entanglement opens up a realistic and fascinating 
possibility of manipulating a huge number photons, par- 
ticularly for photonic one-way quantum computing with 
many photonic qubits and linear optics. 

An important resource for quantum information sci- 
ence is a source of single photons, either on demand or 
heralded. For many applications in quantum informa- 
tion processing with photons, it is desirable to have a 
single-photon source with controllable emission time, di- 
rection, and pulse shape in order to have perfect spatial 
and temporal overlap at optical elements and larger col- 
lection efficiency. Early utility of single photons makes 
use of SPDC: a conditional detection of one photon from 
an entangled pair triggers the presence of the partner 
photon. However, such triggered single photons have 
large bandwidth (i.e., small coherent time) and can not 
be created at controllable time due to the randomness 
of SPDC. In the past few years, there are significant ad- 
vance on the single-photon emitter and its controllability, 
using solid-state devices, atoms and ions. These demon- 
strated single-photon emitting mechanisms include quan- 
tum dots (Michler et al, 2000b; Santori et al., 2001, 
2002; Pelton et al., 2002), nitrogen-vacancy color cen- 
ters (Brouri et al., 2000; Kurtsiefer et al., 2000), neutral 
atoms (Kuhn et al, 2002; McKeever et al, 2004; Dar- 
quie et al, 2005), ions (Keller et al., 2004), and molecules 
(Brunei et al, 1999; Lounis and Moerner, 2000). SoHd- 
state devices may allow high single-photon rates. But due 
to inhomogeneities in both the environment of the emit- 
ters and the emitters themselves, it is a major problem 
for preparing a few truly identical sources. A fully con- 
trollable single-photon source is achievable if one could 
trap single-atoms in high-finesse optical cavities for a suf- 
ficiently long time. Such a source is spectrally narrow, 
and the photons are emitted into a well-defined spatial 
mode. However, the operation of high-finesse cavities is a 
experimentally challenging work, and the single-photon 
rate is limited by the cavity. So far, the measured ef- 
ficiency to detect a single photon per trial is typically 
less than 1%. In this respect, a fully controllable single- 
photon source based on atomic ensembles (see section 
IVII.E.2() is more promising. 



The visible light photon counter can indeed do such a photon- 
number discrimination with 99% accuracy (Waks et al, 2003, 
2004). But for other frequency regime, there is no similar tech- 
nique demonstrated. Khoury et al. (2006) used such a photon- 
number-resolving detector to do the Fock-state projection, effec- 
tively inducing high-order optical nonlinearities. 
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FIG. 42 Few-qubit cluster states and the quantum circuits 
they implement. For each three- and four-qubit cluster, its 
quantum state (l^iins), |*iin4), |*c4>, |'1>d4>, or |$n4)) and 
the computation carried out in the one-way quantum com- 
puter model is shown. (Walther et al, 2005) 



3. Experimental one-way quantum computing 

So far, the largest optical one-way quantum computer, 
namely, six photons entangled in cluster states, was re- 
ported by Lu et al. (2007) . The experiment by Walther et 
al. (2005b) demonstrated the basic idea of the one-way 
optical quantum computing. In this experiment, four- 
photon polarization-entangled cluster state close to 

l^cluster) = \H)2 \H) s \H) ^ + \H) ^ \H) ^ \V) ^ \V) ^ 

+ \V)^\V)^\H)^\H)^-\V),\V)^\V)^\V)^ 

(114) 

was created via SPDC. |$ciustcr) is is equivalent to the 
four-qubit linear cluster |<i>iin4), and |<f>Q4) and |$^4) 
(Fig. 112) under the local unitary operation Hi ® ® 
Is'SiHzi on the physical qubits, where H (/) is a Hadamard 
(identity) operation. |$ciustcr) can easily be reduced to 
I'i'iina) by measuring qubit 1 in the computational basis. 
It can also be converted to |<I>04) by the local unitary 
operation Hi®H2® ® H4 and a swap (or relabelling) 
of qubits 2 and 3. 

To completely characterize the state so generated, 
quantum-state tomography was performed to extract the 
density matrix from a discrete set of experimental mea- 
surements, which in this case consist of 16 x 16 = 256 lin- 
early independent four-photon polarization projections. 



The measured fidelity 



exp 



cluster 



cluster/ 



0.63 ± 0.02. As we just mentioned, |$ciustcr) can be re- 
duced to l^iins) by measuring qubit 1 in the computa- 
tional basis. Whereas the loss of one qubit in a GHZ state 



is already sufficient to completely disentangle the state, 
[A^/2] particles have to be removed from an iV-particle 
cluster state in order to leave a separable state. The clus- 
ter states share this persistency of entanglement (Briegel 
and Raussendorf, 2001). Both of the two remarkable en- 
tanglement properties of the four-qubit cluster state were 
confirmed from the full tomographic measurements. 

Using the cluster state |$ciuster), the essentials of 
cluster-state quantum computation were demonstrated 
by realizing a universal set of quantum logic operations: 
single-qubit rotations and non-trivial two-qubit gates. 
The latter can be realized with two-dimensional cluster 
states — |$c4), I $□4), and |<I'n4). The quality of each 
quantum computation was experimentally characterized 
by comparing the measured output state to the ideal us- 
ing the state fidelity. Interesting avenues for study in- 
clude full quantum gate characterization using quantum 
process tomography (Chuang and Nielsen, 1997; Poyatos 
et al, 1997). 

Interestingly, Walther et al. also demonstrated a two- 
qubit implementation of Grover's fast quantum search 
(Grover, 1997) using the cluster state model. The goal of 
a search is to identify one out of N elements of a database. 
Formally, one could consider the database as a black box 
that labels one of N possible inputs leaving all others 
unchanged. The challenge, then, is to find that labelled 
state. The best classical strategy chooses the inputs ran- 
domly one by one and checks for the label; it takes, on 
average, about N/2 calculations to find the special input. 
Quantum parallelism in Grover's algorithm allows for all 
inputs to be processed simultaneously in superposition, 
while interference enhances the probability of finding the 
desired outcome in only 0{^/N) calculations of the func- 
tion. In the case of a two-bit function {N — 4), the 
difference is even more dramatic, as Grover's algorithm 
needs only one calculation of the function, whereas clas- 
sically three evaluations are needed in the worst case, 
and 2.25 evaluations are needed on average. In this ex- 
periment, the quantum circuit implemented by the box 
cluster |$n4) can be seen as precisely that one required 
for Grover's algorithm provided that the final readout 
measurements are made in the R/L basis. The mea- 
sured probability of the quantum computer determining 
the correct outcome is about 90%, whereas the theoreti- 
cal probability is unit in the ideal case. 

As a proof of principle, the described experiment used 
no feedforward or subsequent corrections given a suc- 
cessful measurement. This reduces the success rate of 
the computation by a factor of two for every measure- 
ment as compared to ideal, deterministic gate operations. 
An important challenge is to implement fast feedforward 
where earlier measurement outcomes actually change the 
setting of a future measurement in real time. Recently 
Prevedel et al. (2007) reported a concatenated scheme of 
measurement and active, fast feed-forward in a one-way 
quantum computing experiment. 
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IX. CONCLUDING REMARKS 

Harnessing the Hilbert-space structure of quantum 
physics to encode and process information may well a 
crucial component for the future quantum engineering 
that could dramatically affect even our everyday life. The 
development of quantum information science has based 
on quantum mechanics and calls for an in-deepth under- 
standing of the very relation between physics and infor- 
mation in general. Quite probably, it would also refresh 
our today's view on quantum mechanics itself. Exper- 
iments with photons have had a pioneering role in this 
context. The topics we reviewed are featured by emerging 
technology and rapid development. This makes it impos- 
sible to cover in detail all the ongoing developments and 
many have to be left out with regret. 

The photon idea has achieved fertile applications so 
far. As for the future, we would like to remark that, ac- 
cording to several recent proposals reviewed above, pho- 
tons can be a strong candidate not only for long-distance 
quantum communication, but also for large-scale quan- 
tum computing. Given several atomic-ensemble-based 
technologies, linear-optical quantum information pro- 
cessing has a brilliant future. As we have emphasized 
throughout this review, linear-optical elements can ma- 
nipulate photons with very high accuracy. The interface 
of photons and atomic ensembles offers the fascinating 
playground for integrating the linear-optical and atomic- 
ensemble-based techniques for long-distance quantum 
communication (sections IVILE.2P and scalable optical 
quantum computing (section FVIII. C . 2() . This would open 
up an exciting perspective for manipulating quantum 
states of a huge number of photons. 

Despite tremendous progress in the reviewed topics, 
many technological challenges remain. These include 

• single photons on demand (for applications in quan- 
tum cryptography and these mentioned in sections 
IVIII.C:231 and lVlLE:2]) : 

• deterministic and narrow bandwidth entangled 
photon sources; 

• quantum memory for photons with high efficiency 
and fidelity (for applications in optical quantum 
network, particularly these mentioned in sections 
IVIILC.2.bl and IVIII.C.2P ; 

• highly-efhcient photon counting (for applications 
in, e.g., the loophole- free test of local realism 
with photons, and these mentioned in sections 
IVIII.dXbl and lVllLC:2|l . 

To end this review, let us say, "happy new centenary, 
photon" . 
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